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New Zealand’s endemic Leiopelmatid frogs represent a unique frog genus, displaying archaic 
morphology comparable to ancient frog fossils. Leiopelmatid frogs are one of the many species 
of flora and fauna endemic to New Zealand that have faced significant population and 
distribution declines. The conservation of these species needs to be guided by accurate genetic 
analysis, informing efforts to maintain the genetic diversity of these ancient frogs. As the focus 
of this thesis, the phylogenetic relationship between two of these Leiopelmatid frogs - Leiopelma 
pakeka and Leiopelma hamiltoni – will be explored through comparison of the mitochondrial 
genomes of these species. These genomes were generated through the combined use of Next 
Generation Sequencing and Sanger Sequencing technologies. The two genomes differed by over 
130 bases, equating to a pairwise distance estimate of 1.1%. Comparisons between the pairwise 
distance estimate of these genomes with those of other Amphibia were made, with the conclusion 
being that a genetic divergence estimate of 1.1% was too low for the two Leiopelmatids to be 
rendered separate species. The divergence is closer to that of evolutionarily separate populations 
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1.0 Introduction  
Living amphibians (Lissamphibia) are a highly diversified group of vertebrates. There are 
currently 7,351 amphibian species listed on The AmphibiaWeb database 
(http://www.amphibiaweb.org, Dec 9, 2014) of which 6,479 are frogs and toads (Anura). 
These species are distributed throughout most habitats in all continents except Antarctica 
(Duellman & Trueb 1994). Amphibia have a long evolutionary history spanning back at least 
to the early Triassic (~250 million years ago (MYA) (Roelants et al. 2007) Global amphibian 
populations have declined dramatically since the 1970’s, increasingly so over recent years 
(Beebee & Griffiths 2005). Beebee and Griffiths (2005) highlighted probable causes of this 
decline, including; habitat 
destruction, road traffic, 
pollution, pathogens, 
increased UV radiation, alien 
species, climate change and 
human collection (Figure 
1.1). While the impact of 
some factors such as climate 
change are still debated 
(Stuart et al. 2004), others 
such as the introduction 
of exotic species and 
habitat destruction are 
accepted as causative 
factors in the global 
decline of amphibians (Nájera–Hillman et al. 2009). A report from the IUCN ‘s (International 
Figure 1.1 The major threats to globally threatened amphibians in 
the Australasian realm. Column two shows the number of 
threatened species affected by any given threat; column two shows 
the overall percentage of threatened species that are affected by 
that threat.  Content of table adapted from (Stuart et al. 2008) 
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Union for Conservation of Nature) ‘Global Amphibian Assessment’ carried out in 2004 
indicated that as many as a third of the global amphibian species have undergone severe 
declines or extinctions (Stuart et al. 2008).    
 One of the world’s most distinct evolutionary lineages, the Leiopelmatidae (Bell et al. 1998) 
is found exclusively on the New Zealand archipelago (Bell & Wassersug 2003). The 
Leiopelmatidae contains a single genus, Leiopelma (Bell 2010). Three species are extinct 
(Leioplema auroraensis, Leioplema markhami, Leioplema waitomoensis).  It has been 
proposed that three extant species remain, Leioplema hochstetteri, Leioplema archeyi, 
Leioplema hamiltoni 
(Holyoake 2001). 
Alternatively the Maud 
Island frogs (‘Leiopelma 
pakeka’) can be considered 
as distinct from the 
Stephen’s Island frogs, 
Leiopelma hamiltoni (Bell 
2010). In this Thesis the 
species term Leiopelma  
pakeka and the sub-
species term, Leiopelma 
hamiltoni pakeka, will be 
applied to the Maud 
Island frogs. Resolving which of these phylogenetic designations is most appropriate is the 
primary focus of this Thesis. 
Figure 1.2 Anuran Phylogeny (Maximum Likelihood (ML) 
phylogram), generated using mitochondrial protein coding genes. 
Upper values indicate support for Bayesian inference and lower 
values indicate support for maximum likelihood. Adapted from 
(Irisarri et al. 2010) 
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 Members of Leiopelmatidae exhibit a large number of primitive traits including vestigial tail-
wagging muscles, an additional presachral vertebra, cartilaginous inscriptional ribs, and 
amphicoaelous vertebrae (Bell 2010; Stuart et al. 2008).  
 
These physical characteristics have been observed in only one other amphibian genus 
(Asacphus truei), the tailed frog of the North-western United States (Bell 2010; Irisarri et al. 
2010). Both of these genera have been described as the most archaic amphibian genus in the 
world (Stephenson 1961; Bell 2010) (Figure 1.2). Leiopelmatids co-occur with other ‘ancient’ 
lineages on the New Zealand archipelago, including the tuatara (Sphenodon) and acanthisttid 
wrens. These relict genera have failed to survive elsewhere in the world during the surge of 
the Tertiary evolution (Goldberg et al. 2008), contributing to the unusually large number of 
endemic flora and fauna isolated to New Zealand (Goldberg et al. 2008).  
 
New Zealand, alongside 25 other global 
areas, has been identified as an endemic 
‘Hot Spot’, possessing biota of importance 
and rarity such as those on other oceanic 
islands like Hawaii and the Galapagos 
(Goldberg et al. 2008; Myers et al. 2000). 
Hot Spots are identified as being areas with 
exceptional concentrations of endemic 
species commonly experiencing extensive 
loss of habitat (Myers et al. 2000; 
be taken as evidence of a dominant role of continental
drift in the origination of the biota. Unfortunately, it is
just this supposition that is widelymade. The addition of
timing of divergence is necessary to choose between the
three meanings of Gondwanan.
In recent years, it has become increasingly apparent
that diversification and, in many cases, origin of
New Zealand lineages substantially post-date the
break-up of Gondwanaland (Pole 1994; McGlone
2005; McDowall 2008). The major impetus for the
resurgence of dispersal as an accepted contributing factor
in the formation of the biota comes from molecular
studies.Owing to the interestingbiotic assemblagepresent
in New Zealand, the question of whether New Zealand
should be treated as an island or a micro-continent
(Daugherty et al. 1993) has led to many studies on
speciation and colonization which focus on New
Zealand’s biota (Gillespie & Roderick 2002) and its
relationship to other close landmasses (i.e. Australia,New
Caledonia; see Sanmartin & Ronquist 2004; Cook &
Crisp 2005).
(a) Illogical juxtaposition
So attractive has the notion of an ancient (Gondwanan)
insular biota been, that it is frequently, though
illogically, juxtaposed with observations of the compo-
sition of the fauna and flora, which have in the past
been recognized as consistent with island biota
subjected to dispersal (Wallace 1876; Falla 1953;
Darlington 1957, 1965; Fleming 1962a, 1963a;
Caughley 1964; Gaskin 1970, 1975; Raven 1973;
Cracraft 1974, 1975).
Several influential though not necessarily mean-
ingful observations have been made about New
Zealand and its biota: (i) it is isolated from other
landmasses; (ii) the biota is unique; (iii) it has high
endemicity; (iv) it includes behaviourally or morpho-
logically strange and distinctive taxa; and (v) the
composition of New Zealand biota is disharmonic
(Gibbs 2006; McDowall 2008).
.its whole biota is anomalous, depauperate, and
rather different from that of Australia.
(Keast 1971, p. 359).
.Although New Zealand enjoys a rich, unique
biodiversity, it can equally well be described as
‘naturally depauperate’, meaning that many of the
types of animals and plants that one might expect to
find here are absent.
(Gibbs 2006, p. 20)
Since the rise of vicariance biogeography and
acceptance of continental drift (e.g. Skipworth 1974;
and see Waters & Craw 2006 and references therein),
observations of this type have been interpreted as
evidence of an old island with a biota that has been
isolated for a very long time (i.e. 80 Ma). However, they
are actually what might be expected from the fauna of
Box 1. New Zealand continental origin
The Tasman Ocean that today s parates N w Zealand from
the nearest continent (Australia) began forming ca 83Ma.
A section of continental crust rotated away from the eastern
Australian section of Gondwanaland and this fragment is
referred to as Zealandia (Campbell & Hutching 2007;
Trewick et al. 2007; Neall & Trewick 2008). In geological
terms, ‘continental’ means being composed of continental
rather than oceanic crust, but for continental crust to be
emergent as land, it has to be thick enough to stand above sea
level. Zealandia is much larger than modern New Zealand,
about the size of India, and includes the Campbell Plateau,
Challenger Plateau, Lord Howe Rise, Norfolk Ridge,
Chatham Rise and New Caledonia. Over about 60 million
years, Zealandia was stretched and thinned, effectively losing
buoyancy, and sinking some 2–3000 m.Today, approximately
93 per cent of Zealandia is beneath the sea, and in the
Oligocene the New Zealand sector may have also been
entirely submerged (Landis et al. 2008). New Zealand exists
above water today owing to a plate boundary collision. It has
been vigorous and sustained since its abrupt initiation in latest
Oligocene time (Sutherland 1999; Cande & Stock 2004).
This activity is prominently expressed along the alpine fault,
where tectonic activity has generated 480 kmof lateral motion
and, since the Pliocene, some 20 km of uplift resulting in the
formation of the Southern Alps (Kamp et al. 1989; Kamp
1992; Whitehouse & Pearce 1992). Today, the continental
crust of Zealandia, including New Zealand, is in geological
terms thin (20–25 km) and New Zealand could be viewed
biologically as a comparatively old oceanic island group
(Trewick et al. 2007). The geological evidence for the survival
of any ancient terrestrial parts of Zealandia is unexpectedly
weak, due in part to the destructive impact of later tectonics,
questioning the assumptions of the ancient origin of New









Figure 1. The continent of Zealandia (modified from
Stagpoole 2002).
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Figure 1.3 The continent of Zealandia. (Taken 
from (Neall & Trewick 2008) 
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Mittermeier et al. 1998). New Zealand hosts 0.6% of the global endemic plant population and 
0.5% of the global endemic vertebrate population (Myers et al. 2000). This includes 
approximately 136 endemic bird, mammal, reptile and amphibian species (Myers et al. 2000). 
Much like the Galapagos and Hawaiian islands, New Zealand also has an absence of higher 
order taxa, namely terrestrial mammals and snakes (Goldberg et al. 2008). In contrast it 
retains a disproportionate number of representatives of earlier continental Mesozoic and 
Palaeozoic lineages (Goldberg et al. 2008). 
 
New Zealand’s unique and disproportionate number of endemic flora and fauna has been 
attributed to its geographical history, specifically its early isolation from the greater 
Gondwinian mass (Goldberg et al. 2008). The islands that constitute New Zealand are one of 
the few areas of the continent of the ancient landmass of Zealandia (Figure 1.3) which was a 
fragment of Gondwanaland.  Due to tectonic uplift of continental crust the islands protrude 
above sea level (Neall & Trewick 2008). Other areas of Zealandia that now protrude above 
sea level include New Caledonia, the Chatham Islands, and Norfolk Island (Figure 1.3) (Neall 
& Trewick 2008).  About 140 MYA Gondwana, the southern region of Pangea, began 
fragmenting from the greater mass (Neall & Trewick 2008). The largest of these fragments  
Zealandia became displaced east of Gondwana between 83-54 MYA, because of mid-ocean 
spreading of the Tasman Sea (Mortimer 2004; Neall & Trewick 2008).  
Among the modern New Zealand endemic species of flora and fauna that were derived from 
ancestral Gondwana biota are numerous amphibians (Leiopelmatids), weta, tuatara 
(Sphenodon), ratites and many plant groups including the kauri, podocarps, and Nothofagus 
(Fleming 1979; Cooper & Millener 1993). Although the flora were largely undisturbed, the 
mass extinction event that occurred ~65 MYA in the Cretaceous, undoubtedly reduced the 
diversity of the fauna present in New Zealand (Cooper & Millener 1993; Goldberg et al. 
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2008) .  New Zealand’s early isolation meant Cenozoic radiation of fauna; particularly 
terrestrial vertebrates from adjacent land masses did not occur(Fleming 1979; Cooper & 
Millener 1993). The diversity of mammalian fauna found elsewhere in the world was never 
established in New Zealand (Fleming 1979; Cooper & Millener 1993).  
 
With the exception of small bats, New Zealand’s ecosystems were devoid of terrestrial 
mammals before human arrival (Clout & Saunders 1995). Many endemic/native bird and 
insect species adapted to occupy niches that are elsewhere filled by mammals (Clout & 
Saunders 1995). Many 
species also evolved 
predatory defence 
mechanisms for protection 
against large native predatory 
birds, as opposed to 
mammals (King 1990; Clout 
& Saunders 1995; Russell et 
al. 2004). In New Zealand, 
30-35 species and subspecies 
of terrestrial and freshwater 
birds were nearly or completely flightless (Mcnab 1994) This included species of moa, kiwi, 
ducks, geese, and rails (Mcnab 1994). Many of New Zealand’s fauna have over time become 




experienced deforestation, versus 0.53 ± 0.04 for those that
did not).
3.3. Regional trends in recent deforestation rates
Between 1997 and 2002, 2344 ha of native forest was de-
stroyed, equivalent to an annual deforestation rate of just
!0.01% (Table 3, Supplementary Table S3). At the same time,
a further 12000 ha of indigenous scrub was cleared
(!0.14% yr!1), with 53 of the 73 districts contributing to the
net decline in scrub cover. The majority of the deforestation
(1569 ha) was in the North Island, with more than half of that
being cleared from the Northland region alone, and a further
24% cleared from the Waikato region. In the South Island,
deforestation was greatest in Southland where nearly 500 ha
were cleared. Deforestation rates varied throughout the coun-
try, with the political districts of the Far North and North
Shore experiencing the highest recent rates of !0.09% p.a.
However, the North Shore had only 1200 ha of forest in
1997, so the amount deforested was small in absolute terms
Fig. 1 – Patterns of forest change in New Zealand: (a) pre-human forest cover, (b) 2002 forest cover, (c) total forest loss and
(d) forest fragmentation. The fragmentation index in (d) was calculated with a DCA ordination on number of fragments, forest
edge to area ratio and fractal dimension of the landscape, after partialling out variation in total forest cover (DCAfrag1 in
Supplementary Table S2).
B I O L O G I C A L C O N S E R V A T I O N 1 3 3 ( 2 0 0 6 ) 3 1 2 – 3 2 5 317
Figure 1.4 Patterns of forest change in New Zealand (a) Pre 
human settlement (b) 2002 forest cover (Ewers et al. 2006). 
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In addition to being void of terrestrial mammals, New Zealand was also the last major 
landmass, apart from Antarctica, to be permanently colonised by humans (Ewers et al. 2006).  
Since colonisation by Polynesians circa 1300 years ago, from in or near the Cook Islands, 
New Zealand’s terrestrial ecosystems have undergone extensive changes (Ewers et al. 2006) 
(Figure 1.4). Circa 3000 years ago forest covered virtually the entire land surface area of New 
Zealand, below the alpine tree line (Figure 4a) (Fleet 1986; Ewers et al. 2006). The 
colonisation of New Zealand by Polynesian people initiated deforestation throughout New 
Zealand (Ewers et al. 2006). Significant areas of forest were burned to encourage growth of 
the edible bracken fern (Pteridium aquilinum) as well as to enhance travel efficiency across 
land and as a strategy for moa hunting (Ewers et al. 2006). Combined with climate change, 
volcanism, and naturally ignited fires, this lead to New Zealand’s native forest cover 
decreasing to 68% by the 1800’s (Stevens et al. 1998; Ewers et al. 2006). Although the 
majority of these forests are thought to be cleared through man-made fires, European 
settlement to New Zealand saw an increase in forest felling for timber, and clearing for 
farmland (MacLeod & Moller 2006). By the early 1980’s forest coverage for the entire of 
New Zealand is estimated to be at around 23% of pre-colonisation levels  (Figure 1.4b)(Clout 
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& Saunders 1995; Rogers et al. 2005; McWethy et al. 2010). Laws introduced over the last 
decade have placed limitations on further felling of native forests (Rogers et al. 2005). Past 
changes to the environment and subsequent ecosystems since the arrival of humans to the 
New Zealand archipelago have been irreversible, and today historic deforestation of New 
Zealand is still recognised as one of the greatest threats to New Zealand’s flora and fauna 
(Rogers et al. 2005; Ewers et al. 2006).  
Coinciding with the colonisation of New Zealand by humans was the introduction and 
establishment of numerous terrestrial mammals (Clout & Saunders 1995; Rogers et al. 2005). 
Polynesian people brought with them the Polynesian rat Rattus exulans as well as the 
domestic dog Canis familiaris, although it was not until the arrival of European settlers circa 
200 years ago that the majority of exotic species found in New Zealand today were introduced 
(Clout & Saunders 1995). Europeans introduced and established over 80 species of vertebrate 
including 32 mammalian species, among which are predatory species of rodent, mustelid and 
marsupials (Clout & 
Saunders 1995; Dowding & 
Murphy 2001). The nocturnal 
behaviours evolved by many 
of New Zealand’s biota to 
evade avian predation have 
proven ill effective for 
evasion from mammalian 
predators such as brush tail 
possums (Kelly & Sullivan 
2010).  
Figure 1.5 Percentage of Australasian native amphibian species 
that are threatened within Australasia. *Denotes countries not 
entirely within this realm. Countries with no threatened species 




Post-colonisation marked the beginning of large-scale extinctions among New Zealand’s 
endemic biota (Dowding & Murphy 2001). At least 35 bird species had gone extinct between 
the arrival of the first humans to New Zealand and the Europeans circa 200 years ago 
(Dowding & Murphy 2001; Bellingham et al. 2010). The drastic impact of colonisation on 
New Zealand’s biota can also be seen when looking at the population declines, and 
extinctions occurring within New Zealand’s Leiopelmatid frogs.  35% of New Zealand’s 
Leiopelmatid frog species have gone extinct over the last 1000 years, consistent with the 
extinction rate seen in land birds (Towns & Daugherty 1994). Today all four remaining 
Leiopelmatid species feature on the IUCN Red List of Threatened Species (Figure 1.5) (IUCN 
2014). Many species of New Zealand’s extant herpetofauna including the Leiopelmatid frogs, 
tuatara, skinks and geckos are now restricted to just a few isolated locations, with 41% 
surviving largely on rat-free offshore islands (Towns & Daugherty 1994; IUCN 2014).  
 
The change in distribution and abundance of the remaining four species that make up the 
genus Leiopelma is best understood by looking at the fossil record as well as from early 
descriptive accounts made by pioneers, including explorative scientists (Stephenson & 
Stephenson 1957; Bell 2010). Thomson made the first written account of New Zealand’s 
Leiopelmatid frogs in 1852, while observing gold prospectors in the hills surrounding the 
Coromandel Harbour (Stephenson & Stephenson 1957). Thomson documented the presence 
of a frog found beneath a boulder during the soil washing of a mountain stream (Stephenson 
& Stephenson 1957). The appearance of the frogs surprised the local Maori, who did not have 
a word to describe the specimen (Stephenson & Stephenson 1957). The specimen described in 
detail by Thomson can be clearly identified as being of the species Leiopelma hochstetteri, 
 
9 
one of four extant Leiopelmatid species. The name Leiopelma however was not given by 
Thomson, instead by Fitzinge (1861) who described two male Leiopelmatid frogs of the same 
species to the specimen found by Thomson (Stephenson & Stephenson 1957). A 1987 study 
by Trevor Worthy investigated the sub fossil distribution of Leiopelmatid frogs using field 
collected samples and various museum specimens (Worthy 1987). Although no sub fossil 
remains were positively referable to the extant Leiopelma archeyi species, numerous sub 
fossil remains were found for Leiopelma hochstetteri. Sub fossil deposits were found in caves 
near Waitomo, Hawkes Bay, Takaka, Patarau, Karamea, and Punakaiki (Figure 1.6) (Worthy 
1987). At the time of this study, sub fossil remains considered to be of the species Leiopelma 
hamiltoni were recorded from numerous South Island caves including those around 
Punakaiki, the Heaphy River, Patarau, Takaka, and Mt Owen (Figure 1.6) (Worthy 1987).  
Samples were also found in numerous North Island locations including the Puketoi Range, 
south of Dannevirke; Patoka in Hawkes Bay; and Waitomo (Figure 1.6). The sub fossil 
remains of Leiopelma hamiltoni recorded by Worthy (1987) were re-examined following the 
proposal of a fourth extant Leiopelmatid species Leiopelma pakeka, by Bell and associates 
(1998). It has been suggested that the sub-fossil remains might be from Leiopelma pakeka, as 
opposed to Leiopelma hamiltoni (Figure 1.6) (Bell et al. 1998; IUCN 2014). 
The sub fossil remains of all three extinct Leiopelmatid species were also examined by 
Worthy (1987). Leiopelma waitomoensis had a distribution that was confined to the North 
Island, with its remains found in caves near Kaitaia, Waipu, Waitomo, Hawkes Bay, Puketoi 
Range and Martinborough (Worthy 1987). The extinct Leiopelma markhami was distributed 
over both main islands, with its remains being found from Mangamuka in the North Island, to 
as far as Te Anau in Fiordland. Leiopelma auroraensis was found to be restricted to just one 









The distribution of present day Leiopelmatid frog populations is well documented. Leiopelma 
archeyi is today restricted to two regions in the North Island: the Coromandel Peninsula and 
an approximately 6km2 area of Whareorino Forest, West of Te Kuiti (Figure 1.6; Table 1.1) 
(Bell 1994; Bell 2010; IUCN 2014). A translocation of a number of mature individuals was 
made to Pureora Forest following the discovery of amphibian chytrid fungus in the 
Whareorino population; the success of the translocation is unclear (Bell 1994; IUCN 2014). 
The current population estimate for Leiopelma archeyi is between 500 and 20,000 individuals 
Figure 1.6 Extant and sub-fossil distribution of Leiopelmatid frog species as 
inferred from (Worthy 1987; Bell 2010; IUCN 2014).  
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(Bell 2010) (Table 1.1).  In both areas Leiopelma archeyi occurs naturally with Leiopelma 
hochstetteri (Figure 1.6) (Bell 2010). Leiopelma hochstetteri is the most widespread of the 
four species, with scattered populations over an extensive area of the North Island (Figure 1.6; 
Table 1.1) (Bell 2010). The distribution of Leiopelma hochstetteri ranges over the Whangarei 
District and Great Barrier Island (Aotea Island), through the Waitakere and Hunua ranges and 
down the Coromandel Peninsula and into the Northern Kaimai Range, from Whareorino in 
the West and throughout the eastern Bay of Plenty and Raukumara Ranges (Figure 1.6) (Bell 
2010; IUCN 2014). The estimated number of individuals of the species Leiopelma 
hochstetteri is approximately 100,000 making it the Leiopelmatid species with the largest 
estimated population size (Bell 2010) (Table 1.1).  The two Leiopelmatid populations with the 
most restricted present day distribution are Leiopelma pakeka and Leiopelma hamiltoni 
(IUCN 2014). Leiopelma pakeka is found naturally in one location on Maud Island, in the 
Marlborough Sounds, restricted mainly to 16 ha of native bush (Bell 2010) (Table 1.1). 
Several translocations have been carried out for this species including; to a second, restored 
site on Maud Island, to predator-free Motuara Island (1997) (Tocher & Pledger 2005), and a 
mainland, predator free wild-life sanctuary (2006) (Tocher & Pledger 2005) (Table 1.1). The 
presence of juvenile frogs has been noted on translocation sites (Bell 2010). The population 
size of Leiopelma pakeka is around 25,000-30,000 mature individuals, the majority of which 
are on Maud Island (Bell 2010; IUCN 2014). Leiopelma hamiltoni is also found naturally in a 
single location in the Marlborough Sounds (Figure 1.6; Table 1.1) (Bell 2010). The estimated 
population size of Leiopelma hamiltoni is 300 mature individuals (Bell 2010). The majority of 
these individuals are restricted to a single rock tumbler on the summit of Stephens Island 
(Bell 2010).  Two translocations have been carried out, one to an additional location on 
Stephens Island (Brown 1994), and one to a second predator-free island in the Marlborough 




Table 1.1 Summary of the present day status of extant Leiopelma frogs.   
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The appearance of all four extant members of the genus Leiopelmatid on the most recent 
IUCN Red List of Threatened Species (version 2014.3) highlights the present day risk to the 
survival of the remaining species. Leiopelma hochstetteri, the most abundant of the four 
species, is regarded as vulnerable. This status is attributed to a projected population decline of 
30% over the next 10 years (IUCN 2014). While predation from mammalian predators and 
habitat loss are factors in this projected decline (Figure 1.7),  it was thought that the major 
contributing factor to their decline is death from chytridiomycosis, an infection caused by the 
fungus Batrachochytrium dendrobatidis (Bd) (IUCN 2014). The decline of many amphibian 
species over recent years has been attributed to this disease and it was assumed to be the 
leading cause in its population decline of about 80% of New Zealand’s Leiopelma archeyi 
population over the last 10 years (Bell 2010; IUCN 2014) (Figure 1.7). The effects of Bd on 
New Zealand’s Leiopelmatid populations have been studied intensely since it was found in 
Leiopelmatid frog populations (Shaw et al. 2014). It was recently discovered that the 
cutaneous bacterial microbiota found on Leiopelmatid frogs such as Flavobacterium sp., 
inhibit the growth of Bd, and plays a role in the innate defence in Leiopelmatid against 
pathogens (Shaw et al 2014). In spite of this recent discovery regarding Leiopelmatid’s 
defense against Bd, the rapid decline of Leiopelma archeyi means it is critically endangered 
(IUCN 2014) (Figure 1.7).The two Leiopelmatid populations at the forefront of this thesis are 
Leiopelma pakeka (Figure 1.8A) and Leiopelma hamiltoni (Figure 1.8B); these are no longer 
present on mainland New Zealand (Bell 2010). Sub fossil remains of at least one of these 
species on mainland New Zealand are indicative of significant distribution changes having 
occurred (Bell 1994). Leiopelma pakeka is listed as vulnerable on the IUCN Red List of 
Threatened Species, despite its reasonably large population size. The vulnerability of this 
species is attributed to its restricted distribution to the Marlborough Sounds (Tocher & 
Pledger 2005). Leiopelma hamiltoni has the smallest population size of the extant 
Leiopelmatid species. It is present in a single population of approximately 250 mature 
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individuals, confined to Stephens Island in the Marlborough Sounds, New Zealand. Due its 
rarity and confinement to a single population Leiopelma hamiltoni is listed as endangered by 
the IUCN, and is considered one of the world’s rarest frogs (Bell 1994; Holyoake et al. 2001; 





The distribution, range, an population size changes that New Zealand’s endemic frog 
populations have undergone since the human colonisation of New Zealand is mimicked in 
many other members of New Zealand’s endemic biota (Clout & Lowe 2000).  The most 
obvious example is the extinction of all species of New Zealand moa (Kelly & Sullivan 
2010). The precarious nature of much of New Zealand’s endemic biota has made New 
Zealand a world leader in conservation management and biology (Bell 2010). The field of 
conservation biology has been highlighted as a ‘crisis discipline’ (Lande 1988; DeSalle & 
Amato 2004). The magnitude of the crises that are the subject of conservation biology is 
manifest in the high number of species facing extinction globally. Conservation biologists are 
Figure 1.7 Jolly-Seber population estimates of population size of Leiopelma archeyi (Critically 




often faced with rapid decisions regarding a threatened species, population, or genus, which 
could be paramount to the species survival (Lande 1988; DeSalle & Amato 2004). Decisions 
are often based on the current data available, with a research focus on tools to help 
researchers collect relevant and accurate data relating to issues that may require immediate or 
rapid attention (DeSalle & Amato 2004). Conservation management of endangered and 
vulnerable species such as those constituting the amphibian genus Leiopelma has become 
pivotal for their survival (Bell 2010). Studies on Leiopelmatid frogs which began when the 
frogs were first documented in 1852 (Stephenson & Stephenson 1957), have included life 
cycle, life history, distribution changes, population structure analyses and phylogenetic 
understanding of both extant and extinct Leiopelmatid species (Stephenson & Stephenson 
1957; Daugherty et al. 1981; Daugherty et al. 1982; Green 1988; Green et al. 1989; Bell 
1994). 
 
The expansion of conservation biology has seen the emergence of many sub-disciplines and 
approaches (DeSalle & Amato 2004). Over recent decades conservation biology has 
incorporated genomics and high-throughput methods for data acquisition (DeSalle & Amato 
2004). Expansion into the field of genomics has enabled biologists to adopt more accurate and 
effective means of addressing problems that are involved in managing endangered species in 
critical areas (DeSalle & Amato 2004). There are several different DNA sequencing 
technologies including; Roche 454, Illumina/ Solexa, ABI SOLiD, and Helicos tSMS, each 
with their own characteristics that constitute next generation sequencing (NGS) (Ekblom & 
Galindo 2011). The advancements in these technologies have enabled the rapid generation of 
sequence data in a relatively cost effective manner. As a consequence of this, the realms of 
genomics has begun shifting from laboratory-based studies of model species, towards the 
studies of natural populations of ecologically well-characterised organisms such as the 
 
16 
Leiopelmatid frogs central to this study (Bell 2010; Ekblom & Galindo 2011; Zavodna et al. 
2013). In recent years, developments constituting NGS have helped address important 
ecological and evolutionary questions on a scale and with precision previously unrealistic 
(Gilad et al. 2009; Ekblom & Galindo 2011).   
 
NGS allows for analysis of genomic DNA (gDNA), messenger RNA (mRNA), non-coding 
small RNA’s or targeted regions of the genome, vectors (for example BAC’s), chloroplast 
DNA (cpDNA) and mitochondrial DNA (mtDNA) (Ekblom & Galindo 2011). Prior to NGS, 
whole genome sequencing (WGS) was expensive, complex and time consuming (Gilad et al. 
2009; Ekblom & Galindo 2011). To date NGS for the purpose of WGS has been used largely 
for the re-sequencing of entire genomes of model organisms, which is simplified by the 
presence of reference genomes (Li et al. 2010). WGS and assembly of non-model organisms 
is complicated by the absence of reference genomes, large genome sizes, and genome 
complexities such as repeated DNA elements. Despite this analysis of non-model organisms 
is becoming increasingly common through NGS technologies and de novo assembly methods 
(Ekblom & Galindo 2011). Today there are an increasing number of genome sequences 
becoming available for non-model organisms (Li et al. 2010).  
A prominent use for NGS in the field of conservation genetics is the sequencing and analysis 
of complete or partial mitochondrial DNA (mtDNA) (Brown et al. 1979; Castro Antönia & 
Ramon 1998) . Mitochondria are found within the cells of almost all higher organisms. Their 
role is to produce ATP through oxidative phosphorylation and perform various biosynthesis 
(Castro Antönia & Ramon 1998). These organelles contain their own DNA, and are self 
replicating. Mitochondria along with their DNA are present in multiple copies within a single 
cell, contrasting with single copy nuclear DNA (Castro Antönia & Ramon 1998). MtDNA is 
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inherited from the mother, and only very rarely undergoes recombination (Brown et al. 1979; 
Castro Antönia & Ramon 1998). All these features contribute to the success of mtDNA use in 
the field of conservation genetics (Brown et al. 1979; Castro Antönia & Ramon 1998).  
 
MtDNA analysis has been used to aid the conservation of various New Zealand flora and 
fauna including its rare and unique herpetofauna such as the tuatara (Sphenodon) and 
Leiopelmatid frogs (Bell 2010; Mohandesan et al. 2013). Whole mitochondrial genome 
analysis has been used widely for phylogenetic investigations over the last 15 years (Mueller 
et al. 2004). Importantly for this study, mitochondrial genome analysis has been effective in 
understanding amphibian phylogenies as well as for the estimation of divergence times, back 
to more than 300 Ma (Mueller et al. 2004). To date, nuclear genome data have seldom been 
used for phylogenetic analysis among amphibians, and the moderately sized mitochondrial 
genomes are still an attractive data resource for anuran phylogenetic analysis (Mueller et al. 
2004).  Mitochondrial genome phylogenies often conform to those derived from nuclear DNA 
when appropriate sampling of taxa and phylogenetic analysis are used (Mueller et al. 2004).  
 
Figure 1.8 A) Leiopelma hamiltoni photographed on Stephens Island, Marlborough Sounds by 
Ryan Photographic B) Leiopelma pakeka photographed on Maud Island, Marlborough Sounds 




This thesis utilises Next Generation sequencing methods to deduce the phylogenetic 
relationship between two populations of Leiopelmatid frogs through the generation and 
analysis of mtDNA sequences. Prior to this thesis, the phylogenetic relationship between 
Leiopelma pakeka and Leiopelma hamiltoni has been the focus of numerous studies (Bell et 
al. 1998; Holyoake et al. 2001). Despite subtle morphological variation, early morphological 
analysis carried out prior to 1998 suggested that the two populations were geographically 
isolated subsets of the same species, Leiopelma hamiltoni (Worthy 1987; Bell 1994). A 
pivotal study by Bell and associates (1998) described individuals present on Maud Island as a 
new Leiopelmatid, Leiopelma pakeka, separating them from those found on Stephens Island 
which remained as the species Leiopelma hamiltoni. Prior to the study by Bell and associates 
(1998), all studies of the genus Leiopelmatid used specimens from Maud Island to represent 
the species Leiopelma hamiltoni (Daugherty et al. 1981; Daugherty et al. 1982; Green 1988; 
Green et al. 1989; Bell 1994).  
 
The first proposal of the distinct species Leiopelma pakeka by Bell and associates (1998) 
came following genetic allozyme analysis between populations representative of all four 
Leiopelmatid frog species. Comparisons of variation at 12 allozyme loci were examined 
between 11 individuals from Stephens Island and 59 individuals from Maud Island. Among 
the 12-allozyme loci resolved, the two taxa showed fixed differences at two loci, and one 
significant frequency difference. The conclusions of this study were that the Maud Island and 
the Stephens Island populations were genetically distinct enough to be treated as two separate 
species. The authors also concluded that Leiopelma archeyi and Leiopelma hamiltoni were 
more genetically similar to each other than to Leiopelma pakeka and Leiopelma hamiltoni 
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(Figure 1.9).  Leiopelma pakeka was formally described as being comprised of the 30,000 
individuals present on Maud Island, while Leiopelma hamiltoni was comprised of the 
approximately 300 individuals present on Stephens Island. Leiopelma hamiltoni was 
subsequently deemed one of the world’s rarest frogs, warranting the highest level of 
conservation protection (Bell et al. 1998). 
















• Stephens I. L. hamiltoni
• Maud I. L. pakeka






Fig. 2 Genetic relationships of five Leiopelma populations, based on Nei's standard distance from 12
allozyme loci, (a) Neighbour-joining analysis, (b) UPGMA analysis.
(McCulloch 1919; Hutton & Drummond 1923), as well as brown forms of L. archeyi.
Morphologically, L. pakeka differs from L. hamiltoni in its more variable dorsal colour,
darker individuals prevalent on Maud Island evidently being absent from Stephens Island,
although fewer frogs were examined there (Bell 1978a, 1982a, 1985b). Just as some L.
pakeka specimens can show small amounts of green colouring (Barwick 1961, Bell 1978a,
Bell 1995), so can some L. hamiltoni from Stephens Island, although not as conspicuously
green as some L. archeyi (Bell 1978a, Thurley & Bell 1994; Thurley 1996).
L. pakeka reaches a slightly greater body size than L. hamiltoni (maximum snout-vent
lengths 49 mm and 46 mm respectively - Fig. 4) but our univariate data show no significant
difference between the two populations. However, a cone-plot analysis based on 19
measurements from 11 live L. hamiltoni and 27 live L. pakeka spatially differentiated most
frogs into their respective species (Fig. 5), using the origin as the vertex and direction defined
by the linear discriminant function (Dawkins 1995). A complementary SAS modified
discriminant procedure, with and without prior proportional weighting for the unbalanced
sample sizes, was also carried out on the same data. Without proportional weighting all 11 L.
hamiltoni were classified together, but one of the 27 L. pakeka was classified as L. hamiltoni
(the same individual close to L. hamiltoni in the cone plot - Fig. 5); with prior proportional
weighting for sample size, however, the analysis totally discriminated between L. hamiltoni
and L. pakeka.
L. archeyi is smaller than L. pakeka (maximum snout-vent length 38 mm) and has more
varied colouring including green, pink and orange-brown on the dorsal surfaces (Bell
1978a,1993; Thurley & Bell 1994; Thurley 1996). L. hochstetteri has a more robust form,
with shorter fingers and toes, and distinctive toe webbing. Unlike L. hochstetteri, adult L.






























Figure 1.9 Genetic relationships between five Leiopelma populations based on Nei’s 
standard distance from 12 allozyme loci (a) Neighbour-Joining analysis (b) UPGMA- 
analysis (Bell et al. 1998).  
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Since the initial proposal in 1998, there have been numerous challenges to the specification of 
the Leiopelma pakeka population as a separate biological entity from Leiopelma hamiltoni.  
Holyoake and associates (2000) re-examined the systematics of Leiopelmatidae using mtDNA 
analysis. Partial 12S ribosomal RNA and cytochrome b (Cytb) gene sequences were obtained 
and analysed for 57 frogs representing all four of the Leiopelmatid species. Conclusions of 
this study contradicted the results of the allozyme analysis carried out by Bell and associates 
(1998), finding Leiopelma pakeka and Leiopelma hamiltoni to be monophyletic (Figure 10). 
Variation within the cytochrome b gene between the two was found to be <1% (Figure 1.10). 
While the conclusions of this study considered Leiopelma pakeka worthy of consideration as 
an evolutionarily significant unit (ESU), based upon its genetic and geographical 




port for a clade of L. pakeka and L. hamiltoni that is dis-
tinct from L. archeyi is 100% along both dividing
branches within the Cyt b dendrogram (Fig. 3(b)). The
general lack of sequence divergence within the 12 S
rRNA gene between species (1% between L. archeyi and
an L. hamiltoni–L. pakeka clade) can account for the
lack of branch placement confidence between these obvi-
ously phylogenetically close species. In addition, Cyt b
analysis suggests that L. pakeka is slightly more similar
to L. archeyi than to L. hamiltoni, a result that contra-
dicts that of Bell et al. (1998). This is not seen in our
12 S rRNA analysis, as L. hamiltoni and L. pakeka have
identical partial sequences.
Constraining our Cyt b data to fit the predictions of
Bell et al. (1998) we find that the minimum-length tree
increases from 161 to 171 steps. This difference in tree
length is highly significant (P = 0.0015) when examined
using the Kishino-Hasegawa test (Kishino & Hasegawa,
1989). Re-examining the data obtained from our uncon-
strained search of tree space, we found 87 trees that were
equally or more parsimonious than the tree produced
using constraints.
Between the Whareorino and Tapu populations of
L. archeyi, 12 S rRNA partial sequences do not vary but
a fixed 0.66% difference is evident between Cyt b par-
tial sequences. This is the same level of variation seen
between L. hamiltoni and L. pakeka Cyt b partial
sequences. This suggests that, based on sequence diver-
gence alone, not only do L. hamiltoni and L. pakeka form
a phylogenetically close clade but there may be only
population-level variation between them. Neither
L. pakeka nor L. hamiltoni show any within-population
variability as each population is fixed for its particular
Cyt b haplotype. 
Mitochondrial DNA analysis (Fig. 3) confirms that
L. hochstetteri has diverged considerably from the other
Leiopelmatidae. This result is consistent with previous
studies of allozymes (Bell, 1994; Green, 1994), mor-
phology and ecology (Bell, 1994). Only minimal intra-
or inter-population variation is apparent in any of the
leiopelmid species. As predicted by Hay et al. (1995),
in the 12 S rRNA dendrogram, Aschaphus truei is shown
as a divergent sister taxa to all of the extant
Leiopelmatidae.
DISCUSSION
Phylogenetic relationships of the Leiopelmatidae
Previous studies using allozyme and morphological vari-
ation hypothesized that L. archeyi and L. hamiltoni were
sister taxa to the exclusion of L. pakeka (Bell et al.,
1998). This contention is not supported by the present
geographical locations of these species (Fig. 1) nor by
mtDNA sequence data from this study. In the 12 S rRNA
amplicon there is no sequence difference between
L. hamiltoni and L. pakeka. In comparison, three fixed
differences (1%) are observed between the L. hamiltoni–
L. pakeka clade and the two populations of L. archeyi.
In the Cyt b amplicon, whilst there are two fixed dif-
ferences between L. pakeka and L. hamiltoni, the hypoth-
esis that these taxa are phylogenetically close and
distinct from L. archeyi is strongly supported (Fig. 3(b)
bootstrap values). In addition, we find that the genetic
divergence between L. pakeka and L. hamiltoni is of the
same magnitude as that between allopatric populations
of L. archeyi. These data suggest that L. hamiltoni and
L. pakeka are sister taxa or possibly geographically iso-
lated populations of the same species.
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Fig. 3. Maximum parsimony phenogram based on (a) 12 S
rRNA sequence data, (b) Cyt b sequence data. Trees were gen-
erated from 1000 bootstrap replications and branch lengths
shown are proportional to the minimum number of changes
associated with the respective branches. Bootstrap confidence
values above 50% are shown. Numbers in parentheses are the
numbers of individuals sequenced from each taxon.
Figure 1.10 Maximum parsimony 
phenogram based on Cytochrome 
B (Cytb) sequence data. Tree 
generated using 1000 bootstrap 
replicates. Branch lengths 
proportional to minimal number of 
changes as ociated with spective 
branches. Bootstrap confidence 
valu s greater than 50% are shown. 
The numbers in brackets indicate 
number of individuals sampled. 





One of the problems that had to be overcome during this study was the quality of the tissue 
samples available. Given the endangered status of the frogs deliberately killing a specimen to 
extract DNA was obviously unacceptable. It was desirable to perform the study without any 
impact on the populations. The single Leiopelma pakeka specimen used in this study had 
suffered extensive DNA degradation and bacterial contamination. Such high levels of 
bacterial contamination and degradation were attributed to the unknown cause of death of the 
specimen. When discovered on Maud Island, the specimen had been deceased for an 
unknown period of time, and was then preserved in ethanol for a period in excess of 10 years.  
Permission was sought and obtained from the New Zealand Department of Conservation to 
use this specimen. The two Leiopelma hamiltoni samples were toe clips from live specimens 
collected from Stephen’s Island collected 10 years previously and preserved in ethanol and 
frozen at minus 80°C. Permission was sought and obtained from the New Zealand 
Department of Conservation to use these specimens. 
 
The purpose of this study is to further investigate the phylogenetic relationship between 
Leiopelma hamiltoni and Leiopelma pakeka. When Leiopelma pakeka was elevated to species 
status in 1998, Leiopelma hamiltoni became arguably the most endangered frog species on 
earth (Bell et al. 1998). As highlighted at the conclusion of the study by Holyoake and 
associates (2001), if Leiopelma pakeka was to once again be considered as a sub population of 
Leiopelma hamiltoni, the conservation status of Leiopelma hamiltoni would reduce. 
Importantly, this would enable plans to potentially intermingle the populations, increasing the 
population size on Stephens Island, and increasing genetic diversity by interbreeding in 
captive breeding programmes (Ballie & Groombridge 1996; Holyoake et al. 2001). 
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2.0 Materials and methods 
2.1 Buffers and gels  
 
TAE buffer (50x per 500 mL): made up of 121 g Tris-HCl, 28.6 mL glacial acetic acid, 50 
mL EDTA, adjusted to pH 8 with glacial acetic acid, autoclaved for 15 minutes at 15 psi.  
Gel electrophoresis buffer: 200 mL 1x TAE, 10 µl ethidium bromide (Sigma).  
PBS buffer: per 100 mL, 8g NaCl, 0.2 KCl, 1.15g Na2HPO4, 0.20g KH2PO4, all dissolved into 
100 mL milliQ H2O, adjusted pH 7.4 using 2 mol NaOH, autoclaved for 15 minutes at 15 psi.  
Agarose gels: made to 1% with 0.4 g agarose (Sigma) in 40 mL electrophoresis buffer, heated 
to boiling, cooled and poured into gel tank (with well comb added).  
Molecular weight markers used were Roche XIV (100bp ladder), loaded with Ficoll loading 






2.2 Tissue collection 
Both Leiopelma pakeka and Leiopelma hamiltoni tissue samples were sourced from Professor 
Phil Bishop of the Zoology 
Department, University of Otago. 
DNA was extracted from the thigh 
muscle tissue of a single preserved 
Leiopelma pakeka specimen found 
dead on Maud Island in the 
Marlborough Sounds of New Zealand. 
Cause of death is unknown and the 
specimen was preserved in 70% 
ethanol since its discovery in 2003 
(Figure 2.1). The specimen was dismembered using a single blade scalpel. All organs, tissues, 
and bones not used in the DNA extraction carried out in this thesis are stored separately at -
20°C, in the Department of Biochemistry, University of Otago. DNA was extracted from two 
toe samples clipped from two Leiopelma hamiltoni individuals (identification number; 2441 
and 3214) found on Stephens Island in the Marlborough Sounds of New Zealand. Each toe 
was stored in 70% ethanol at minus 80 °C following its removal. Toes were diced separately 
into fine pieces prior to DNA extraction being carried out.  
 
Figure 2.1 Dorsal and ventral images of the 
Leiopelma pakeka specimen from which thigh 
muscle was obtained for the extraction of DNA.  
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2.3 Genomic DNA extraction  
Genomic DNA extraction was carried out for two separate 50 mg thigh muscle samples 
obtained from the preserved Leiopelma pakeka specimen, and the two toe samples obtained 
from the live Leiopelma hamiltoni individuals. The following protocol was used for each of 
the four DNA extractions.  
 
Prior to DNA extraction:  
Precipitates in buffer AL (lysis buffer) and ATL (tissue lysis buffer) were dissolved by 
immersion in 56 °C water bath for 10 mins. 
 95% ethanol was added to Buffer AW1 and Buffer AW2 concentrates (the buffer 
concentrates supplied in QIAGEN DNeasy Blood and Tissue Kit) prior to the first DNA 
extraction. 
Tissue was washed in 100 mL PBS buffer, vortexed for 10 seconds and left to soak for 10 
mins. PBS was drained and this step was repeated. 
 
Both genomic DNA extractions for Leiopelma pakeka and Leiopelma hamiltoni were carried 
out using a QIAGEN DNeasy Blood and Tissue Kit. All buffers used for the extraction were 
provided in this kit. For details on the buffers refer to the QIAGEN website 
(www.qiagen.com).   
1. Tissue was diced into small fragments using a single blade scalpel, and placed into a 
1.5 mL centrifuge tube. 180 µl Buffer ATL and 20 µl proteinase K were added and the 
sample vortexed to combine. Samples were incubated at 56°C until completely lysed. 
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Samples were vortexed on occasion throughout incubation, and for 15 seconds before 
proceeding to step 2.  
2. 200 µl Buffer AL was added and samples were vortexed thoroughly. 
3. 200 µl 95% ethanol was added and samples were vortexed thoroughly.  
4. Mixture was placed into a DNeasy Mini spin column, which was inserted within a 2 
mL collection tube. Samples were centrifuged at 6000 x g, and any flow-through was 
discarded.  
5. The spin column was placed into a new 2 mL collection tube with 500 µl Buffer AW1 
added. Samples were centrifuged at 6000 x g for 1 minute. Flow-through and 
collection tube were discarded.  
6. The spin column was placed in a new 2 mL collection tube, 500 µl Buffer AW2 was 
added and centrifuged for 3 mins at 14,000 RPM. Both flow-through and collection 
tube were discarded.  
7. The spin column was transferred into a new 1.5 mL microcentrifuge tube. DNA was 
eluted by adding 200 µl Buffer AE to the centre of the spin column membrane. 
Samples were incubated at room temperature (15-25°C) for 1 minute, and then 
centrifuged for 1 minute at 6000 x g.  
8. Step 7 was repeated for increased DNA yields.    
9. Extraction products were stored in -20°C in the Department of Biochemistry, 




2.4 Preparation of Leiopelma pakeka DNA 
2.4.1 Quantification of Leiopelma pakeka DNA 
Both DNA extraction products derived from the Leiopelma pakeka specimen (2.3) were 
quantified as per the following protocol. 
  
2.4.2 DNA quantification 
Purified DNA was quantified using a Thermo Scientific NanoDrop, ND1000 
Spectrophotometer instrument (ThermoScientific, USA). The Nucleic Acid application 
module on the operating software was selected to measure nucleic acid concentration and 
purity. 1 µl of ddH20 was applied to the lower pedestal surface and the instrument was 
initialised. A blank, in the form of 1 µl of EB Buffer from the QIAquick PCR Purification kit 
was used before any set of measurements could take place. Buffer EB was used as the blank 
in all samples measured in this thesis. 1 µl of the DNA sample that is to be measured was 
placed on the lower pedestal. The sampling arm was closed and the spectral measurement 
initiated using the operating software on the PC. Screens were printed for each sample 
measurement carried out.  
 
2.4.3 Visualisation of genomic Leiopelma pakeka DNA 
Leiopelma pakeka genomic DNA (2.3) was visualised under UV light following gel 




2.5 Agarose Gel DNA analyses  
DNA fragments were separated on the basis of size through submerged agarose gels. The 
buffer used to carry out each gel electrophoresis was made by combining 200 mL ddH20 with 
5 mL of 50x TAE buffer and 10 µl of ethidium bromide. 50 mL of this buffer was mixed with 
0.4 g of agarose before being heated in the microwave to melt the agarose. This was left to 
form a cool solution and poured into a gel tank, before a gel comb was added and the gel left 
to set. Once set the remaining 150 mL of buffer was added to submerge the gel, the gel comb 
was removed and samples were added.  2 µl of loading dye and 2 µl of buffer is added to 6 µl 
of PCR product, which is then loaded on the gel. N.B the Reddymix (ThermoScientific) used 
for most PCRs has loading dye already added. DNA ladders were prepared and loaded into an 
empty well. A 100 mA current was then placed across the gel until the dye front had moved 
approximately 80% of the way down the gel. The current was removed and the gel imaged 
using a BioRad Gel Doc, with the size of the DNA calculated through comparison with the 
DNA ladder.  
 
2.6 GenomiPhi V2 Amplification  
It was apparent that the amount of DNA might be limiting. To overcome this problem a 
technique of whole genome amplification was employed. Amplification of the complete 
Leiopelma pakeka DNA was carried out using the Illustra GenomiPhi V2 DNA amplification 
Kit, as per the Product Web Protocol codes: 25-6600-30, 25-6600-31, 25-6600-32. All 
components of the kit were thawed on ice and kept at 0-4°C during handling. The enzyme 
present in the Enzyme Mix was the Phi29 DNA polymerase. 
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The following steps of the protocol were carried out using an Eppendorf Thermocycler 
machine programmed to the settings as described below.   
1) 1 µl (10 ng) of L pakeka template DNA was added to 9 µl of Sample Buffer 
2) Sample was denatured at 95°C for 3 mins then cooled to 4°C 
3) Master Mix was prepared by combining on ice; 9 µl Reaction Buffer with 1 µl 
Enzyme Mix.   
4) 10 µl of the master mix prepared in step 3 was transferred to the cooled sample on ice 
from steps 1 and 2. 
5) The DNA sample was incubated at 30°C for 1.5 hours for DNA amplification.  
6) In order to inactivate the exonuclease activity of the enzyme (which may otherwise 
degrade the amplification product), the sample was heated to 65°C for 10 mins and 
then cooled to 4°C.  
7) The final amplification product obtained was stored at -20°C.   
2.7 Genomic DNA clean up using Zymo Research Genomic DNA 
Clean and Concentrator kit   
Zymo Research Genomic DNA Clean and Concentrator kit was used to clean up the amplified 
genomic Leiopelma pakeka DNA (2.6) as per the manufacturer’s protocol. All spin steps were 
carried out using Heraeus Pico17 centrifuge set at 13.3 RPM 
Prior to use: 24 mL 100% ethanol was added to the 6 mL DNA wash buffer concentrate.   
1) 15 µl amplified L pakeka DNA preparation was combined with 30 µl ChIP DNA 
Binding Buffer in a 1.5 mL microcentrifuge tube, and centrifuged for minute.  
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2) The mixture was transferred to a Zymo-Spin IC-XL Column (provided) placed inside 
a 2 mL Collection Tube.  
3) The DNA sample was centrifuged for 30 seconds, and the flow-through discarded.  
4) 200 µl DNA Wash Buffer was added to the centre of the column still inside the 2 mL 
Collection Tube, The sample was then centrifuged for 1 minute.  
5) Step 4 was repeated and then the sample was centrifuged a further minute to ensure 
the sample was washed thoroughly.  
6) 15 µl DNA Elution Buffer was added directly to the column; following this the sample 
was left to stand at room temperature for 1 minute.  
7) The column was transferred to a new 1.5 mL microcentrifuge and centrifuged for 30 
seconds.  




2.8 Quality control of Leiopelma pakeka DNA  
2.8.1 Visualisation of post GenomiPhi Leiopelma pakeka DNA  
Purified, amplified Leiopelma pakeka DNA (2.7) was diluted 1/10 and 1/100 using ddH2O. 
Visualisation of various concentrations of amplification products was carried out under UV 
light following gel electrophoresis, as per the standard protocol (2.5). 
 
2.8.2 PCR amplification of Leiopelma pakeka DNA using Amphibian 
specific primers  
A PCR reaction was carried out using amphibian specific primers designed to amplify a 300 
bp region of the cytochrome b gene (Cytb). PCR primers were designed as per the standard 
protocol described (2.10.1), and primer sequences are listed in Appendix 1. The PCR reaction 
was carried out as per the standard protocol (2.10.2).   Products from the PCR reactions 
carried out were visualised under UV light following gel electrophoresis.  
 
2.9 Standard PCR and primers  
Primers for this study were sourced from Sigma-Aldrich, Australia. PCR reactions were 
carried out in an Eppendorf Thermocycler.  Final primer concentration was 0.5uM.  
2.9.1 Standard Primer Design  
Primers were designed manually to be approximately 21 bases in length, with approximately 
50% of the primer comprised of guanine (G) or cytosine (C) bases and 50% thymine (T) or 
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adenine (A) bases. Primer pairs were designed to have similar melting temperatures. Primers 
were specified to unique area of the genome, and not in the presence of hairpins (importantly 
at the 3’ OH end), repeat structures, or other complex genome structures.  
 
2.9.2 Standard PCR protocol    
All PCR reactions were carried out using a similar PCR program, with an initial denaturing 
period at 94°C for 5 mins, follows by 35 cycles of: 1 minute denaturation period at 94°C, 1 
minute annealing period at 50°C for 1 min, and a 1.5 minute extension period at 72°C. There 
was final extension at 72°C for 3 mins, finishing with temperature reduction to 4°C. The PCR 
reaction mixture was made up of: 46 µl Thermo Scientific Reddymix 1.1X PCR Master Mix 
(or 25 µl Thermo Scientific 2X PCR Master mix and 21 µl ddH2O), 1 µl of 10 µM forward 
primer, 1 µl of 10 µM reverse primer and 2 µl of template DNA.  
 
2.9.3 PCR Product purification  
PCR products were purified using the QIAquick PCR Purification Kit (28104, 28106) as per 
the following protocol. All buffers apart from Buffer PB (2.1) were provided in the QIAquick 




Prior to use:  
• 220 mL 97% ethanol was added to Buffer PE before use 
• All spin / centrifuge steps were carried out using Heraeus Pico17 centrifuge set 
at 13.3 RPM 
• 1:250 volume pH indicator 1 (sodium acetate) added to PB Buffer  
1) 200 µl Buffer PB was added to the 40 µl PCR product following the removal of 10 µl 
for agarose gel visualisation.  For the correct pH, the colour of the mixture turned 
yellow, if the colour of the mixture was orange or violet, 10 µl 3 M sodium acetate, 
pH 5.0, was added and mixed thoroughly, after which the colour would turn yellow.  
2) A QIAquick column was placed inside a 2 mL collection tube 
3) DNA was bound by applying the DNA sample to the QIAquick column and 
centrifuged for 1 minute. Post centrifuging the flow-through was discarded and the 
column replaced within the collection tube.  
4) The DNA was washed by adding 750 µl Buffer PE to the QIAquick column and 
centrifuged for 1 minute, after which the flow-through was discarded. Centrifuging 
was repeated for 1 minute to remove residual was buffer.  
5) QIAquick column was placed into a new 1.5 mL microcentrifuge tube.  
6) DNA was eluted through the addition of 50 µl Buffer EB (10 mM Tris Cl, pH 8.5), to 
the centre of the QIAquick membrane and centrifuging the column for 1 minute.  
7) To increase DNA yield a further 30 µl Buffer EB was added to the QIAquick 
membrane, sample was left to stand for 1 minute, before centrifuging for a further 1 
minute.  
8) Purified products were stored at -20°C in the Department of Biochemistry, University 




2.10 Library construction 
The Illumina TruSeq DNA LT Sample Preparation Kit following the standard TruSeq DNA 
Sample Preparation protocol was used to prepare the Leiopelma pakeka genomic DNA 
sequencing library for sequencing on an Illumina HiSeq 2000 platform. 
 
• Fragmentation: 1 µg of amplified Genomic Leiopelma pakeka DNA (2.7) was 
sheared to approximately 350 bp sizes using the Covaris S2 (Covaris, Woburn, MA, 
USA) with the following conditions: Intensity 4, Duty cycle 10%; 200 bursts per 
cycle; and 120 seconds total time.  
• End repair: Ends were blunted through addition of 5’ phosphorylated ends.  
• A-Tailing: ‘A’ bases were added to the 3’ end of the blunted phosphorylated DNA 
ends fragments. 
• Adapter Ligation: Paired-end adapters (PE adapters) were ligated to either end of the 
fragments.  
• Size Selection: Ligation products were run on a 2% 1X TAE gel and bands of 400-
500 bp were excised, 
• Purification and Enrichment: Excised DNA was purified and enriched by PCR 
amplification following Illumina's protocols. 
• Quantification: The final library was quantitated using the Bioanalyzer 2100 DNA 
100 chip (Agilent, Santa Clara, CA. USA) and the Qubit Fluorometer using the 




2.11 Illumina HiSeq sequencing of the Leiopelma pakeka genomic 
library 
Sequencing of the prepared Leiopelma pakeka genomic library (2.8) was performed on the 
Illumina HiSeq 2000 platform by NZGL ((http://www.nzgenomics.co.nz).   
 
2.12 Trinity contig assembly of Illumina 101 bp Leiopelma pakeka 
reads  
Assembly software programme Trinity (Grabherr et al. 2011) was used to assemble the 101 
bp reads produced by the Illumina HiSeq 2000 platform into contigs. Dr Peter Stockwell of 
the Department of Biochemistry, University of Otago, carried this out.  
 
2.13 Contig screen 
The nature of the DNA derived from the L pakeka DNA extraction, genome sequencing and 
Trinity contig assembly was assessed using BLAST (Basic Local Alignment Search Tool) 
database searches, as per the following protocol. Each of the 100 longest contigs generated by 
Trinity was compared to all sequences available on the NCBI databases. The closest matches 




2.14 BLAST searches  
BLAST (Basic Local Alignment Search Tool) searches involving nucleotide sequences were 
carried out through a web-based interface (www.ncbi.nlm.nih.gov) Standard nucleotide-
nucleotide BLAST from the National Centre for Biotechnology Information (NCBI) website 
takes nucleotide sequences in FASTA format, GenBank Accession numbers or GI numbers 
and compares them against the National Centre for Biotechnology Information (NCBI) 
nucleotide databases. BLAST searches were performed against various databases at NCBI 
(for example nr and wgs). BLAST settings were adjusted as appropriate, for example more 
stringent or more permissive matching. 
2.14.1 BLAST multiple alignment  
BLAST multiple alignment is a function within the National Centre for Biotechnology 
Information (NCBI) website (www.ncbi.nlm.nih.gov) that enables the alignment of two or 
more nucleotide sequence in FASTA format, GenBank Accession numbers or GI numbers. 
2.15 Vertebrate screen   
A vertebrate screen of all contigs assembled using Trinity was conducted using a command 
line interface that compares all contigs individually to the GenBank release 200 vertebrate 
sequences, and extracts all of the contigs with identity of 77.5% or greater to the vertebrate 




2.16 Analysis and selection of mitochondrial contigs 
The contigs extracted from the initial vertebrate screen (described in section 2.15) were 
aligned using we BLAST multiple alignment (section 2.14.1) against the published whole 
mitochondrial genome of Leiopelma archeyi present in GenBank (Accession: NC_014691.1) 
(Irisarri et al. 2010). The whole Leiopelma acrheyi mitochondrial DNA sequence was placed 
in the ‘Query’ box of the alignment and all 69 contigs, in FASTA format were imputed as 
‘Subjects’ for the alignment. Leiopelma pakeka contigs were selected based on an identity 
match of 77.5% or greater and query cover of greater than 3% to the Leiopelma archeyi 
mitochondrial genome. 
 
2.17 PCR of gap sequences in Leiopelma pakeka  
Gaps found after performing the alignment of the Leiopelma pakeka mitochondrial genome 
against GenBank Accession: NC_014691.1 were PCR amplified using manually designed 
primers. Sequence details of primers designed in this study can be found in Appendix 1. PCR 
reactions were carried out using the standard protocol (2.18). Success of PCR reactions was 
determined through gel electrophoresis. Successfully amplified DNA was purified using a 
QIAgen PCR clean up kit.  
 
2.18 PCR product sequencing  
Each Sanger sequencing reaction was set up using the following method; 1µl of the forward 
or reverse primer at 4 µM and approximately 1 ng of DNA per 100 bp of purified PCR 
product (2.10.3). This was made up to a total of 5µl reaction with ddH2O. Sanger sequencing 
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was performed by Genetic Analysis Services (gas.otago.ac.nz), using a capillary ABI 3730 xl 
DNA Analyser (Applied Biosystems).  
 
2.19 Visualisation and quantification of Leiopelma hamiltoni toe 
DNA 
Success of the genomic DNA extraction carried out on the two toe samples provided in this 
study from two representatives of the species Leiopelma hamiltoni (section 2.3) was assessed 
by visualisation of the extraction products under UV light following gel electrophoresis. Each 
extraction product was quantified, and the product with the highest DNA yield was selected 
for amplification of the mitochondrial DNA.  
 
2.20 PCR amplification of Leiopelma hamiltoni  
To generate high quality and complete DNA sequence for the mitochondrial genome of 
Leiopelma hamiltoni, overlapping PCR amplicons were designed based on the homologous 
Leiopelma pakeka mitochondrial sequence generated in this thesis.  These overlapping PCR 
amplicons were visualised and purified with the QIAgen kit. They were sequenced and 





2.21 Construction of the Leiopelma pakeka mitochondrial D-loop  
2.21.1 Gap sequences 
PCR-based techniques were unable to close one gap in the assembled L pakeka mtDNA 
sequences. This gap was near the D-loop region of the mtDNA. A bioinformatics-based 
technique was used to derive some information about this ‘PCR’ gap. The sequence 
corresponding to 50 bp prior and subsequent to the gap were determined. These sequences 
were then used to screen the primary Illumina library. As the library was constructed using 
Illumina 101 bp reads, those reads with approximately 50% of matching exactly to the 
sequence ends, gave an extra approximately 50 bp that were extending from either end into 
the gap.  
 
2.21.2 Paired-end read mapping  
Due to failure of PCR amplifications designed to sequence the D-loop region of the L pakeka 
mitochondrial DNA sequence, Dr Peter Stockwell of Biochemistry Department, University of 
Otago, carried out paired-end read mapping to locate missing sequence corresponding to the 
D-loop region. Paired-end read mapping utilises our library, which is comprised of reads with 
two 101 bp pair sequences at either end with approximately 300 bp of unknown (un-
sequenced) DNA in the middle. A programme was used that selected paired-end sequences 
that matched perfectly to the 500 bp regions of known L pakeka sequence either side of the 
proposed D-loop region. A command line interface was used to select the fragments that had 
only one of 101 bp ends mapping to the 500 bp regions at either side of the D-loop. To select 
only the reads that did not map to an already known sequence of the Leiopelma pakeka 
mitochondrial genome, a BLAST multiple alignment was used that gave approximately 100, 
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101 bp, sequences that did not map to the known Leiopelma pakeka sequence, and which 
therefore were expected to correspond to the D-loop region.  
 
2.21.3 Manual de novo alignment of the Leiopelma pakeka D-loop 
An initial attempt to align the paired-end reads that mapped to the unknown region of the 
mitochondrial DNA of L pakeka was carried out using two different alignment software 
programmes MIRA and Edena V3. 131028 by Peter Stockwell of the Department of 
Biochemistry, University of Otago. 
Edena V3 (Exact De Novo Assembler) is an assembler dedicated to the processing of millions 
of very short reads produced by the Illumina Genome Analyser. Edena is based on the 
traditional overlap layout paradigm (Hernandez et al. 2013).  
MIRA2 (Mimicking Intelligent Read Assembly) is able to perform true hybrid de novo 
assemblies using reads gathered through 454 sequencing technologies (Chevreux)..  Due to 
the presence of numerous repetitious fragments differing from each other by only a few 
Single Nucleotide Polymorphisms (SNP’s), Edena and MIRA were unable to produce a 
feasible consensus sequence for the gap on our Leiopelma pakeka sequence. Manual 
alignment was therefore required for the de novo alignment of the missing gap sequence to 
complete the Leiopelma pakeka mitochondrial sequence. This manual alignment was carried 





2.22 Final alignment of Leiopelma pakeka mtDNA  
The complete mtDNA of Leiopelma pakeka derived in this study was aligned using BLAST 
multiple alignment against the whole Leiopelma archeyi mitochondrial genome present on 
GenBank. The Leiopelma pakeka sequence can be requested and will be made available on 
GenBank. 
 
2.23 Alignment of Leiopelma hamiltoni amplicons  
Amplicons derived for the complete sequence of Leiopelma hamiltoni were aligned by 
BLAST multiple alignment against the mtDNA sequence derived in this study for Leiopelma 
pakeka. Sequence ambiguities or gaps found in the Leiopelma hamiltoni following its 
alignment against Leiopelma pakeka were resolved through additional PCR, PCR product 
purification and Sanger sequencing. The partial Leiopelma hamiltoni mitochondrial genome 
derived in this thesis is available on request and will be made available on GenBank. 
 
2.24 Sequence analysis 
2.24.1 Nucleotide sequence selection 
All nucleotide sequences excluding those from L pakeka and L hamiltoni, which were 
generated in this study, were sourced from NCBI (National Centre for Biotechnology 
Information) nucleotide databases. A full list of accession numbers for the sequences used and 
their corresponding details can be found in Table 3.13. 
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2.24.2 Alignments  
Prior to generating the molecular phylogenies the nucleotide sequences of various amphibians 
including our two Leiopelmatid mitochondrial sequences (Table 3.13) were aligned using the 
software program Geneious. The muscle alignments of the raw sequences for the 12s, 
cytochrome b and the whole mtDNA sequences are present in Appendix 2.  Sequences were 
imported as FASTA files and kept as separate sequences. Nucleotide alignments were carried 
out through a MUSCLE alignment running 8 iterations of the algorithm. The 5.6.7 Pro 
version of Geneious was used (Kearse et al. 2012). The statistics package within Geneious 
was applied to these alignments. This gave the number of nucleotide differences and the 
percentage of identical loci shared between these sequences (Figure 3.33). Muscle alignments 
of raw s 
2.24.3 Tree construction  
Selected regions of the Leiopelma pakeka and Leiopelma hamiltoni nucleotide sequence 
alignments constructed in Geneious with MUSCLE were used to generate neighbour-joining 
trees with the ‘Geneious Tree Builder’ function. This function uses a Jukes-Cantor genetics 
distance model, with the trees being resampled with bootstrap for 100 replicates. Trees were 
rooted to the consensus sequence, and given a square layout.  
 
2.24.5 Generation of circularised figures 
Both the read mapping validation of the final Leiopelma pakeka mitochondrial genome, and 
the circularised representation of the Leiopelma hamiltoni mitochondrial genome were 





3.0 Results  
3.1 Tissue Collection  
3.1.1 Tissue collection from Leiopelma pakeka  
DNA extraction was performed using the tissue from a single ethanol preserved Leiopelma 
pakeka specimen, found dead of unknown causes on Maud Island, in the Marlborough Sounds 
of New Zealand (Figure 3.1). The specimen was obtained from Professor Phil Bishop of the 
Department of Zoology, University of Otago. For reasons unknown, this specimen had three 
patches of dorsal epidermis and its right foot removed (Figure 3.1A), as well as the removal 










 Figure 3.1 Ventral and dorsal views of the Leiopelma pakeka specimen used for 
DNA extraction and analysis in this study. (A) The dorsal surface of the specimen, 
with orange highlighting the epidermis tissue and right foot removal prior to this 
study. (B) The ventral surface of the specimen, with orange highlighting the 
previous tissue and possible organ removal, and blue highlighting the section of 
tissue removed in this study for DNA extraction to be carried out.   
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Two separate DNA extractions were carried out, each requiring 40 mg of tissue. Tissue used 
for these extractions was sourced from thigh muscle of the right leg of the specimen (shown 
in Figure 3.1B), as this was a large, sterile area of tissue, un-touched by the tissue, limb, and 
possible organ collection carried out prior to this study. 
 
3.1.2 Tissue collection from Leiopelma hamiltoni   
For Leiopelma hamiltoni, the DNA from the tissue of two ethanol preserved toes was used. 
One toe each was clipped from two live Leiopelma hamiltoni individuals, from the only 
natural population of this species on Stephens Island in the Marlborough Sounds of New 
Zealand. The Leiopelma hamiltoni toe clippings used for DNA extraction in this study were 
obtained from Professor Phil Bishop of the Zoology Department, University of Otago. The 
two toes labelled 2441 and 3214 each weighed 13 mg, all of which was used to carry out the 
DNA extractions.  
3.2 Sample preparation of Leiopelma pakeka  
3.2.1. DNA Extraction  
The extraction of Leiopelma pakeka DNA was carried out using the QIAGEN DNeasy Blood 
and Tissue Kit. Gel electrophoresis of the products from the two DNA extractions allowed the 
estimation of the size of the DNA extracted as ~10 kb fragments, as inferred from comparison 
to the molecular weight markers (Figure 3.2). Quantification of the DNA by Spectroanalysis 














3.2.2 Multiple displacement amplification  
The Leiopelma pakeka specimen used in this study had been deceased some time prior to 
ethanol preservation and likely had undergone substantial DNA degradation. In addition the 
Leiopelma pakeka specimen was dead for an undetermined time in the field. It was therefore 
anticipated that a significant amount of the extracted DNA would be of microbiological origin 
and much of the Leiopelmatid DNA would be very short due to degradation. To counter 
possible degradation and increase the amount of DNA available for NGS library construction, 
DNA amplification using Multiple Displacement Amplification (MDA) (for a complete 
description of this technique see Supplementary 2) was used. MDA was carried out using the 
Illustra GenomiPhi V2 DNA Amplification Kit, as per the Product Web Protocol codes: 25-
6600-30, 25-6600-31, 25-6600-32. The template DNA amplified was obtained from 
extraction 2, which contained the highest DNA yield of the two Leiopelma pakeka DNA 
Figure 3.2 Agarose gel image of the extraction products from two 
Leiopelma pakeka DNA extractions. Molecular weight maker lengths 
are given along the left hand side in base pairs. Contents of each lane is 
as follow; (λ) Lambda molecular weight marker, (1) Leiopelma pakeka 




extractions that were carried out. Gel electrophoresis was carried out to visualise the results of 
the MDA, which included 3 varying concentrations of the DNA (1/100, 1/10 and undiluted), 
both from before and after MDA was carried out (Figure 3.3). All three concentrations 
(undiluted, 1/10, and 1/100) of the Leiopelma pakeka template DNA, prior to amplification 
were undetectable on the gel image with the naked eye (Figure 3.3). Post amplification all 
three DNA template concentrations had yielded sufficient amplified DNA to be visible to the 
naked eye in the form of bright, high molecular weight; DNA bands (Figure 3.3). The 
visibility of the bands is indicative of an increase in DNA yield following MDA, thus 
multiple displacement amplification of the template Leiopelma pakeka DNA was successful.  
All control samples behaved as expected, allowing the to conclusion that the template DNA 
amplified was derived from the Leiopelma pakeka DNA extraction and not contamination 






Figure 3.3 Agarose gel image following gel electrophoresis of DNA templates pre and post MDA 
amplification. Molecular weights are given in base pairs on the left hand side of the image.  Each lane is 
labelled according to its contents which are as follows; (λ) Molecular weight marker (1) No DNA 
control  (2) Extraction 2, pre-GenomiPhi (3)  Extraction 2, post-GenomiPhi (4)  Extraction 2, 1/10 
dilution pre-GenomiPhi  (5) Extraction 2, 1/10 dilution post-GenomiPhi (6) Extraction 2, 1/100 dilution 
pre-GenomiPhi (7) Extraction 2, 1/100 dilution post-GenomiPhi   (8)  M228 post-GenomiPhi (9) 
GenomiPhi V2 Amplification kit positive control post-GenomiPhi (λ) Molecular weight marker (10) 





3.2.3 Clean-up of amplified DNA  
Leiopelma pakeka DNA amplified by multiple displacement amplification (MDA) was 
purified using the Zymo Research Genomic DNA Clean and Concentrator kit as per the 
manufacturer’s protocol. To ensure a sufficient quantity of DNA was retained following the 
purification protocol, the purified amplified DNA was examined using gel electrophoresis as 
per the standard protocol. Visualisation of the agarose gel under UV light showed the 
presence of bright bands, indicative of sufficient recovery of DNA post clean up (Lane 4, 






Figure 3.4 Agarose gel image following gel electrophoresis of un-purified and purified 
Multiple Displacement Amplified Leiopelma pakeka DNA. Molecular weights of marker 
bands are given in base pairs along the left hand side. Content of each lane is as followed; (λ) 
Molecular weight marker (1) PSA positive control (2) No DNA control (3) un-purified DNA 
(4) Purified DNA. Molecular weights of marker bands are given in base pairs along the left 
hand side.    
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3.2.4 Quality assessment of Leiopelma pakeka extraction products 
To ensure the purified DNA product obtained from our extraction contained Leiopelma 
pakeka DNA we carried out PCR reactions using primers designed to amplify the cytochrome 
b (Cytb) gene of the Leiopelma pakeka mitochondrial genome. These primers were designed 
manually using a 300 bp cytochrome b sequence published by Holyoake and associates 
(2001) under the GenBank accession number: AF231457 (See Supplementary 4 for full list of 
primers and their sequences used in this 
thesis). The PCR reactions were carried out 
using two differing concentrations of our 
amplified Leiopelma pakeka template DNA 
(1/10 and 1/100). Visualisation of the 
agarose gel under UV light following gel 
electrophoresis of the PCR products, showed 
the successful amplification of Leiopelma 
pakeka DNA, as shown by the presence 
bright bands in the lanes corresponding to Cytb 
amplification products (Lane 1 and 2, Figure 
3.5). When compared to the molecular weight 
marker bands, both products were of the 
expected length, approximately 300 bp. The 
successful PCR amplification of the partial 
Leiopelma pakeka Cytb region confirms the 
presence of Leiopelma  pakeka DNA in the 
sample obtained from the extraction.  
Figure 3.5 Agarose gel image of PCR 
amplification products using Cytb gene 
specific primers. Molecular weights of 
marker bands are given in base pairs 
along the left hand side. Content of each 
lane is as follows; (XIV) Molecular 
weight marker (1) 1/10 dilution, 
extraction 2 (2) 1/100 dilution, extraction 




3.3 Library construction of Leiopelma pakeka  
Prior to Illumina sequencing a genomic library was first constructed using the standard 
protocol from the Illumina TruSeq DNA LT Sample Preparation Kit. The library constructed 
was a paired end read library made up of DNA from the Leiopelma pakeka specimen sheared 
into approximately 500 bp fragments. Each fragment was ligated with adapter molecules and 
targeted to bind randomly to the inside surface of the flow cell channels used in the Illumina 
HiSeq platform 2000.  
 
3.4 Sequencing  
Sequencing of the paired-end genomic library was carried out by NZGL using the Illumina 
HiSeq 2000 platform. Illumina HiSeq produced 318,333,031 bp of raw sequence data as 101 
bp long reads.  
 
3.5 Trinity assembly and Read Mapping 
The Illumina HiSeq 2000 platform produced sequence data in the form of 101 bp paired end 
reads. These reads must then be assembled into contigs and aligned to form a whole genome 
sequence. Since there was no reference genome that could be used to assist in the assembly of 
the Leiopelma pakeka genome, the 101 bp reads produced from the Illumina sequencing were 
assembled and aligned de novo. This de novo assembly was carried out using the software 
programme Trinity by Dr Peter Stockwell of the Department of Biochemistry, University of 
Otago. Trinity assembled the 101 bp reads post-quality trimming into 622009 raw contigs. 
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The longest contig assembled in Trinity was 30980 bp and the shortest contig was 201 bp. In 
addition to this, these quality trimmed reads were used in a read mapping validation of the 
final Leiopelma pakeka genome assembly (Figure 3.10) described below. 
 
3.6 BLAST of 100 longest contigs from Trinity assembly  
The nature of the Leiopelma pakeka specimen to which our DNA was extracted from meant 
that there was likely a degree of bacterial contamination. To assess the nature of the DNA 
from the extraction, a screen of the 100 longest contigs from the Trinity output was carried 
out using BLAST. Comparison of each contig independently against all sequences available 
in the NCBI databases found that 77% showed significant matches (>75% identical) to 
various prokaryote genome sequences. It is reasonable to conclude that the actual percentage 
of prokaryote DNA (due to microbial decay) was in fact considerably more than 75%. This 
conclusion is based on the expectation that many of the microbiological sequences would not 
align with the reference bacterial genomes. However the total number of sequences that were 
apparently of vertebrate origin indicated that the sequences could be analysed to derive a 
Leiopelmatid mitochondrial sequence. 
3.7 Vertebrate screen and Genome Assembly  
With 77% of the first 100 contigs identified as prokaryote DNA, it was likely that prokaryote 
sequences would be heavily represented in the remaining 621,909 contigs assembled by 
Trinity.  To address the high level of bacterial contamination, a screen was carried out by 
Peter Stockwell using a command-line script that extracted all contigs from the 622009 raw 
Trinity assembled contigs that had an identity match of 77.75% or greater with an E-value of 
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10-5 or less, to the GenBank vertebrate sequence version release 200. This vertebrate screen 
extracted 15742 unique contigs that had significant matches to the vertebrate sequence. 
To identify potential amphibian sequence within the 15742 unique contigs that had significant 
matches to the GenBank vertebrate sequence, further screening was carried out through 
comparison to the Leiopelma archeyi whole mitochondrial sequence present on GenBank 
accession number NC_04196.1 (Irisarri et al. 2010). This screen extracted 69 contigs with 
significant identity hits of >69% to the L. archeyi mitochondrial DNA sequence.  Alignment 
of the 69 contigs was carried out against the Leiopelma archeyi mitochondrial sequence using 
the BLAST multiple alignment function. Using the output from the BLAST multiple 
alignment six contigs were selected that combined had near-complete query cover and had an 
identity match of >88% to the Leiopelma archeyi mitochondrial genome.  The six contigs 
selected spanned from first base of the Leiopelma archeyi mtDNA with almost complete 
coverage through past base 16000.  Where the contigs were set to meet or overlap 5 sequence 
gaps/ambiguities were highlighted (Figure 3.7 and Table 3.1). These gaps were shown to be a 
result of the limited and partially degraded DNA sample used for sequencing, rather than an 
assembly issue, through the read mapping validation of the final Leiopelma pakeka genome 





Figure 3.6 Alignment of the 69 contigs obtained from our Trinity assembly of Leiopelma 
pakeka Illumina reads, with an identity of >69% to the Leiopelma archeyi mitochondrial 
genome present on GenBank (accession NC_014691.1). Coverage of the 69 contigs ranged 
between 0-43%.  
 
Figure 3.7 Alignment of the 6 contigs selected manually that to cover the greatest majority of 
the Leiopelma pakeka mitochondrial genome when aligned against the whole Leiopelma archeyi 
genome present on GenBank. Five of the six sequence gaps or ambiguities are highlighted.  
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3.9 Gap PCR 
To amplify the Leiopelma pakeka sequence corresponding to the gaps or ambiguities 
recognised in the mitochondrial alignment 
(Figure 3.7), forward and reverse PCR primers 
were designed in the flanking regions of the 
gaps or ambiguities. Two preliminary PCR 
reactions were carried out using the primer sets 
Lpak_mt-1F / Lpak_mt-1rev and Lpak_mt-2F / 
Lpak_mt-2rev, designed to amplify Leiopelma 
pakeka: gap 1 and Leiopelma pakeka: gap 2 
(Table 3.1A).  Both primer sets successfully 
amplified their target DNA, as shown 
through the presence bright bands in lanes 1 
and 2 (Figure 3.8). Following these 
preliminary PCR reactions, five PCR 
reactions were performed using the primer 
sets designed to amplify the five gaps in the 
Leiopelma pakeka mitochondrial genome 
(Table 3.1A).  
 
Figure 3.8 Agarose gel image following gel 
electrophoresis of PCR amplification products 
using primers designed to amplify two of the 
gaps in the Leiopelma pakeka mitochondrial 
sequence. Content of each lane is follows; 
(XIV) Molecular weight marker (1) Lpak_mt-
1F / Lpak_mt-1rev (2) Lpak_mt-2F / Lpak_mt-
2rev (3) Positive control 
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Quantification of the amplification products from the PCR reactions revealed successful 
amplification of 2.8 ng/µL, 9.7 ng/µL, and 2.5 ng/µL of DNA corresponding to the sequence 
for Leiopelma pakeka: gap 1, 2 and 3 (Table 3.1A).  PCR using primer pairs designed to 
amplify Leiopelma pakeka: gap 4 and 5 were unsuccessful, as shown by the absence of DNA 




Table 3.1 (A) A summary of the initial PCR amplifications carried out for amplification of the 
sequence gaps/ambiguities in the L. pakeka mitochondrial genome sequence. (B) A summary of 
the PCR amplifications re-designed following initial failure to PCR amplify gaps or ambiguities 
in the L. pakeka mitochondrial genome sequence.  
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  To amplify the sequence corresponding to Leiopelma pakeka: gap 4 and 5, further PCR 
reactions were carried out using newly designed primer sets (Table 3.1B). PCR primer set 
Lpak_1104-1/ Lpak_1104-6r (Table 1B) was designed to amplify a 6th gap spanning the 
proposed D-loop of the mitochondrial DNA. The 6th gap recognized links the start and finish 
of circular molecule as described in Irisarri and associates (2008). Successful amplification of 
Leiopelma pakeka gap 4 and gap 5 was achieved as shown by the presence of appropriate 
molecular weight DNA bands in lanes 2 and 5 (Figure 3.9) To ensure enough DNA was 
present for Sanger sequencing, the amplification products were quantified using spectro-
analysis. The amplification product for gap 5 
contained 9.0 ng/ μL (Table 3.1B) which is 
sufficient for Sanger sequencing. Quantification of 
the amplification product for gap 4 showed <2 ng/ 
µL of DNA was present in the sample (Table 
3.1B), thus a PCR reaction using primer set 
Lpak_1104-1/ Lpak_1104-4r was repeated, and 
quantified using spectrophotometry. This reaction 
produced 15.3 ng/µL (Table 3.1B), which was 
deemed sufficient for Sanger sequencing. No DNA 
band of the expected molecular weight was seen 
on the agarose gel for the amplification product 
targeted to amplify Leiopelma pakeka: gap 6, see 
lane 4 (Figure 3.9). This region is proposed to be 
the D-loop of the mitochondrial genome.  
Figure 3.9 Agarose gel image following gel 
electrophoresis of PCR reaction products, 
corresponding to primer sets designed to 
amplify gaps 4,5, and 6 of the Leiopelma 
pakeka mitochondrial DNA sequence. 
Content of each lane is as follows; (XIV) 
Molecular weight marker (1) Lpak_1104-1/ 
Lpak_1104-4r (2) Lpak_1104-2/ Lpak_1104-
4r (3) Lpak_1104-3/ Lpak_1104-5r (4) 
Lpak_1104-1/ Lpak_1104-6r (5) Positive 




Figure 3.10 Read mapping validation of the final Leiopelma pakeka mitochondrial genome assembly 
The central black ring represents the variable GC content across the genome. The intermediate blue ring 
represents areas of the genome with at least 10x coverage with gaps clearly visible as white or read regions in 
this ring. The outermost orange ring represents the complete read coverage across the genome assembly, with 
generally low coverage between positions 14 kb – 3kb and high coverage elsewhere. The depth of coverage is 
distributed between the inner edge of the ring (no coverage) and the outer blue edge (1700 reads coverage) with 
the highest coverage being 1625 reads. 1000bp markers are shown in the centre of the figure. Generated with 
BRIG. 
 
To validate the final Leiopelma pakeka mitochondrial genome assembly, the quality-trimmed reads 
used in TRINITY were mapped on to the final assembly using Geneious Read Aligner. This showed 
100% SNP agreement between the reads and the final assembly, and showed the origin of the gaps in 
the contig assembly as low or no read coverage regions (Figure 3.10) 
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3.10 Resolving the Leiopelma pakeka D-loop 
To resolve the sequence of Leiopelma pakeka: gap 6, which is the proposed D-loop of the 
Leiopelma pakeka mtDNA (Irisarri et al. 2010), four PCR primers were designed 
complementary to the two flanking regions. These included two forward primers 
(150514_fwd1/ 150514_fwd2) located at positions 16,125 and 15,843 (Leiopelma archeyi), 
and two reverse primers (150514_R1/ 
150514_R2) located at positions 266 and 176 
(Leiopelma archeyi). These primers were used in 
four PCR reactions (Table 3.2) which were 
designed to amplify the sequence corresponding 
to Leiopelma pakeka: gap 6. No DNA was 
successfully amplified in these PCRs; there were 
no bands in lanes 1, 2, 3, and 4 corresponding to 
the expected amplification products, when 
visualised under UV light following gel 
electrophoresis (Figure 3.11).   
 
 Figure 3.11 Agarose gel image following 
gel electrophoresis of PCR reaction products 
designed to amplify gap 6 of the Leiopelma 
pakeka mitochondrial DNA sequence. 
Content of each lane is as follows; (XIV) 
Molecular weight marker (1) 
150514_fwd1/150514_R1 (2) 150514_fwd1/ 
150514_R2 (3) 150514_fwd2 /150514_R1 





Table 3.2 A summary of PCR amplifications designed to amplify L. pakeka: gap 6. The table includes; the 
name of the reaction, Forward and Reverse primers used in the reaction, approximated product length to 
be amplified, the position of the primers (as compared to the Leiopelma archeyi genome), the DNA yield 





Further PCR’s were carried out using various combinations of forward and reverse primers 
previously designed in this study (Table 3.2). Visualisation of gels following gel 
electrophoresis of amplification products for PCR reactions Leiopelma pakeka Gap 6 #5 - 
Leiopelma pakeka Gap 6 #13 (summarised in Table 3.2) revealed no DNA products were 
amplified using these primer combinations. No DNA bands were present in lanes 1-5  (Figure 
3.12) and 1-8 Figure (3.13) 
 
 






Figure 3.12 Agarose gel image following gel electrophoresis of PCR amplification products containing 
primers designed to amplify the sequence corresponding to L.pakeka: gap 6 in the Leiopelma pakeka 
mitochondrial genome. Contents of each lane are as follows; (XIV) Molecular weight marker (1) 
Lpak_1104-3/ Lpak_mt-1rev (2) Lpak_1104-3 / Lpak_mt-5rev (3) Lpak_1104-3 / 150515_R2 (4) 
Lpak_1104-3 / 150515_R1 (5) Lpak_1104-3 / Lpak_mt-6rev (6) 150514_fwd1/ Lpak_mt-1rev (7) 




Following the numerous failed PCR attempts to amplify sequence that would bridge across 
Leiopelma pakeka: gap 6, primers sets were designed to amplify the flanking regions as 
demonstrated in Figure 3.14. This was carried out to confirm that the sequence data obtained 
from the Illumina sequencing is the correct sequence for the flanking regions of Leiopelma  
pakeka: gap 6. Six new PCR primers were designed to amplify the two regions flanking the 




Figure 3.13 Agarose gel image following gel electrophoresis of PCR amplification products containing 
primers designed to amplify the sequence corresponding to L.pakeka: gap 6. Contents of each lane are as 
follows; (XIV) Molecular weight marker (1) Lpak_1104-3/ Lpak_mt-1rev (2) Lpak_1104-3 / Lpak_mt-
5rev (3) Lpak_1104-3 / 150515_R2 (4) Lpak_1104-3 / 150515_R1 (5) 150514_fwd2/ Lpak_mt-6rev (6) 
Lpak_mt-5F / 150515_R2 (7) Lpak_mt-5F / 150515_R1 (8) Lpak_mt-5F / Lpak_mt-1rev (9) Positive 
control 
Figure 3.14 A diagram showing the design of forward and reverse PCR primers to 




Amplification reactions were carried out using various combinations of the six newly 
designed primers and primers designed previously for use in this study (Leiopelma pakeka: 
gap #17-24, Table 3.3). Visualisation of the amplification products revealed bright DNA 
bands of the appropriate sizes in lanes 1-8 (Figure 3.15), showing the successful amplification 
of both flanking regions. A further attempt to PCR amplify gap 6 failed, as shown by the 











Adaptations were made to the standard PCR protocol to optimize the reactions designed to 
amplify Leiopelma pakeka: gap 6. The 21uL of ddH2O in the reactions was replaced by 21uL 
Figure 3.15 Agarose gel image following the gel electrophoresis of PCR amplification products 
designed to amplify the flanking regions of the gap 6 of our Leiopelma pakeka sequence. Contents 
of each lane is as follows (XIV) Molecular weight marker  (1) 180F / Lpak_mt-1rev (2) 120F/ 
Lpak_mt-1rev (3) 180F / 1F_Reverse (4) 120F / 1F_Reverse (5) 5r_Forward / 16R (6) 5r_Forward / 




of 1M Betaine in reactions  Leiopelma pakeka gap 6 #36- #40 (Table 3.4). Despite 
optimisation attempts PCR, amplification of gap 6 was again unsuccessful as shown by the 
absence of DNA bands in lanes; 1-5,7-11, 13-17 (Figure 3.16). Failed amplification of the 
positive control was also apparent through absence of DNA of the expected size in lane 18 
(Figure 3.16).  
 
  
Figure 3.16 Agarose gel image following the gel electrophoresis of amplification products designed to amplify 
gap 6 of our Leiopelma pakeka mitochondrial genome. PCR reactions in lanes 13-18 were adapted from the 
standard protocol for optimisation. Contents of the products in each lane are as follows; (XIV) Molecular weight 
marker (1) 150514_fwd1/ 150514_R1 (2) 150514_fwd1/ 150514_R2 (3) 150514_fwd2/ 150514_R1 (4) 
150514_fwd2/ 150514_R2 (5) 5r_Forward / 1F_Reverse (6) Positive control (7) 150514_fwd1/ 150514_R1 (8) 
150514_fwd1/ 150514_R2 (9) 150514_fwd2/ 150514_R1 (10) 150514_fwd2/ 150514_R2 (11) 5r_Forward / 
1F_Reverse (12) Positive control [products in lanes 7-12 contained 2xReddymix] (13) 150514_fwd1/ 
150514_R1 14) 150514_fwd1/ 150514_R2 (15) 150514_fwd2/ 150514_R1 (16) 150514_fwd2/ 150514_R2 (17) 
5r_Forward / 1F_Reverse (18) Positive control [products in lanes 13-18 contained 2xReddymix and Betain] 
Figure 3.17 Gel image following gel 
electrophoresis of PCR amplification products 
designed to amplify the sequence 
corresponding to gap 6 of the Leiopelma 
pakeka genome. Primer content of each lane is 
as follows; (XIV) Molecular weight marker (1) 
ARCH_F/ PAK_rv (2) 5r_Forward/ ARCH_rv 
(3) ARCH_F/ 1F_Reverse (4) Lpak_mt-1104-
3/ ARCH_rv (5) Positive control  
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Three new primers (ARCH_F, ARCH_rv, PAK_rv) were designed with reference to the D-
loop region of the mtDNA of Leiopelma archeyi (Irisarri et al. 2010) present on GenBank 
(accession; NC_014691.1) in an attempt to resolve the gap present in the Leiopelma pakeka 
mitochondrial sequence. As shown by the absence of DNA bands in lanes 1-4 (Figure 3.17) 
no amplification product following PCR.  
  
Table 3.3 A summary of the PCR reactions designed to amplify the sequence correspond to gap 6 
and the areas flanking gap 6, of the Leiopelma pakeka mitochondrial genome. The table includes; 
the name of the reaction, Forward and Reverse primers used in the reaction, approximated product 
length to be amplified, the position of the primers (as compared to the Leiopelma archeyi 
genome), the DNA yield present in the amplification product quantified through spectro-analysis, 
and any modifications made to the standard protocol. 
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In a further attempt to discover the DNA sequence corresponding to Leiopelma pakeka: gap 
6, primers that had been designed against the D-loop sequence of Leiopelma archeyi were re-
designed to be complementary to the opposite strand. Visualisation of PCR products showed 
no DNA was present in the amplification products of these PCR reactions (Leiopelma pakeka 





Table 3.4 A summary of the PCR reactions designed to amplify the sequence corresponding to gap 6 
of the Leiopelma pakeka mitochondrial sequence. The table includes; the name of the reaction, 
Forward and Reverse primers used in the reaction, approximate length of expected product length, the 
position of the primers (as compared to the Leiopelma archeyi genome), the DNA yield present in the 





Table 3.5 A summary of the PCR reactions designed to amplify the sequence corresponding to 
gap 6 of the mitochondrial sequence of Leiopelma pakeka. The table includes; the name of the 
reaction, Forward and Reverse primers used in the reaction, approximated product length to be 
amplified, the position of the primers (as compared to the Leiopelma archeyi genome), the DNA 
yield present in the amplification product quantified through spectro-analysis, and any 
modifications made to the standard PCR protocol.  
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Adaptations were made to PCR reactions; Leiopelma pakeka Gap# 53-76 in an attempt to 
optimize them for the amplification of DNA sequence corresponding to Leiopelma pakeka: 
gap 6 that had previously failed to PCR amplify. Details of the adaptations made to the 
standard protocol for each reaction are in Tables 3.6 and 3.7. Adaptations included the 
addition of differing amounts of template DNA and primers, as well as varied annealing 
temperatures. As shown in Tables 3.6 and 3.7 no DNA was amplified corresponding to 
Leiopelma pakeka: gap 6 despite these optimization efforts.  
  
Table 3.6 A summary of the PCR reactions designed to amplify the sequence corresponding to 
gap 6 of the Leiopelma pakeka mitochondrial genome.  The table includes; the name of the 
reaction, Forward and Reverse primers used in the reaction, approximated product length to be 
amplified, the position of the primers (as compared to the Leiopelma archeyi genome), the DNA 
yield present in the amplification product quantified through spectro-analysis, and any 





A final attempt was made to PCR amplify the sequence of Leiopelma pakeka: gap 6 using 
various combinations of previously designed primers Leiopelma pakeka Gap 6 #49-52, Table 
3.5). Visualisation of potential PCR products confirmed the failure to amplify this region 




Figure 3.18 Agarose gel image following the gel electrophoresis of 
PCR amplification products designed to amplify gap 6 in the 
Leiopelma pakeka mitochondrial genome. Contents of each lane are 
as follows; (XIV) Molecular weight maker (1) ARCH_Rforward/ 
1F_Reverse (2) ARCH_Rforward / Lpak_mt-1rev (3) 
ARCH_Freverse / 5r_Forward (4) Lpak_1104-3 / ARCH_Freverse 




Table 3.7 A summary of the PCR reactions designed to amplify the sequence corresponding 
to L.pakeka: gap 6. The table includes; the name of the reaction, Forward and Reverse 
primers used in the reaction, approximated product length to be amplified, the position of 
the primers (as compared to the Leiopelma archeyi genome), the DNA yield present in the 
amplification product quantified through spectro-analysis, and any modifications made to 





3.11 Leiopelma hamiltoni DNA extraction and purification  
DNA was extracted from the tissue of the two ethanol preserved toes of Leiopelma hamiltoni 
described in (3.1.2). DNA extraction used the QIAGEN DNeasy Blood and Tissue Kit, 
followed by purification to remove any unwanted by-products using the QIAquick PCR 
Purification Kit. The DNA in these extracts was quantified with spectro-analysis using a 
Nanodrop, ND1000 instrument (Thermo Scientific, USA). Quantification showed 15.3 ng/µL 
of purified DNA was successfully extracted from the toe tissue of individual 2441, and 24.8 
ng/µL of purified DNA was successfully extracted from the toe tissue of individual 3214.  
3.12 Quality Assessment of Leiopelma hamiltoni Extraction 
Products  
The DNA extracted from the toe tissue of Leiopelma hamiltoni individual 3214, which 
contained the largest DNA yield 
following extraction and purification 
protocols, was used as the template in 
various PCR amplifications. These 
amplifications used primers designed 
previously in this study to target the 
gap sequences in the mtDNA of 
Figure 3.19 Agarose gel image of PCR amplification products using primers designed 
originally against the Leiopelma pakeka mitochondrial genome to amplify regions of the 
Leiopelma hamiltoni mitochondrial genome. The content of each lane is as follows; (XIV) 
Molecular weight marker (1) Lpak_mt-1F/ Lpak_mt-1rev (2) Lpak_mt-2F/ Lpak_mt-2rev (3) 
Lpak_mt-3F/ Lpak_mt-3rev (4) Lpak_1104-2/ Lpak_1104-4r (5) Lpak_1104-3/ Lpak_1104-5r 




Leiopelma pakeka (Leiopelma hamiltoni 13-19, Table 3.8), as well as the Cytb primers 
designed from the 300 bp Leiopelma pakeka cytochrome b sequence present on GenBank 
(accession number: AF231457; Holyoake et al. 2001). Primers were designed as per the 
standard protocol (for full details on primers see Supplementary 4). Visualisation of the 
agarose gel following electrophoresis of the amplification products, revealed the presence of 8 
bright bands, indicating that DNA of the appropriate molecular weight had been successfully 
amplified from all eight primer pairs (Figure 3.19), confirming the successful amplification of 
the target sequences.  
 
 
Table 3.8 Summary of the preliminary PCR amplifications carried out with L. hamiltoni DNA using 
primers specifically targeted to amplify sequences in the Leiopelma pakeka mitochondrial sequence. 
Each row represents a separate PCR reaction. The table includes; the name of the reaction, Forward 
and Reverse primers used in the reaction, approximated product length to be amplified, the position 
of the primers (as compared to the Leiopelma archeyi genome), and the DNA yield present in the 
amplification product quantified through spectro-analysis.  
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3.13 PCR amplification of Leiopelma hamiltoni mitochondrial 
DNA 
After confirming the presence of amphibian DNA in the extraction product from Leiopelma 
hamiltoni individual 3214, using primers designed against the Leiopelma pakeka 
mitochondrial sequence, further PCR primer pairs were designed to amplify the remaining 
Leiopelma hamiltoni mitochondrial genome.  Primers were designed against the previously 
resolved Leiopelma pakeka mitochondrial sequence. PCR amplification using 23 new primers 
and one existing primer was carried out (Leiopelma hamiltoni 1-12, Table 3.9). Amplification 
products from the PCR were 
analysed through visualisation of the 
agarose gel following gel 
electrophoresis.  Bright bands were 
visible for 9 of the 12 reactions 
(Figure 3.20), indicating the success 
of all but three PCR reactions. The 
three PCR’s that produced little to 
no amplification products (Lanes 
2,4, and 6, Figure 3.20), were 
repeated (Leiopelma hamiltoni 2.1, 
4.1, 6.1, Table 3.9). For the second 
amplification attempt, a new 
forward primer for reaction 4 (FP4 
(new)) was used following its 
redesign. Quantification of PCR 
products following the PCR amplification of reactions Leiopelma hamiltoni 2.1, 4.1 showed 
Figure 3.20 Agarose gel image of PCR amplification 
products using primers designed against the Leiopelma 
pakeka mitochondrial genome to amplify regions of the 
Leiopelma hamiltoni mitochondrial genome. The content of 
each lane is as follows; (XIV) Molecular weight marker (1) 
FP1/ RP1  (2) FP2/ RP2 (3) FP3/ RP3 (4) FP4/ RP4 (5) 
FP5/ Lpak_mt-3rev (6) FP6/ RP6 (7) FP7/ RP7 (8) FP8/ 
RP2 (9) FP9/ RP9 (9) FP9/ RP9 (10) FP10/ RP10 (11) 




the presence of 9.3 and 10.7 ng/ µL of DNA respectively. Failure of primers FP6/RP6 was 
indicated by the absence of DNA in the amplification product as indicated through 
quantification by spectro-analysis. A second primer set (HAM6F/HAM6R) was designed and 
used to amplify the target region that had not been amplified by primers FP6/RP6. Four PCR 
reactions were carried out using various combinations of primers FP6, RP6, HAM6F and 
HAM6R. A PCR reaction was also carried out using two primers (120F/Lpak_mt-1rev) to 
cover a previously unamplified region at the beginning of the Leiopelma hamiltoni 
mitochondrial genome (Table 3.9). Gel electrophoresis revealed the presence of bright bands 
in the lanes corresponding to primer combination HAM6F/RP6 and 120F/Lpak_mt-rev 
(Leiopelma hamiltoni 6.1 and 20, Table 3.9) indicating successful amplification of 
appropriately sized DNA. 
 
3.14 Purification and quantification of Leiopelma hamiltoni PCR 
amplification products 
To remove unwanted constituent parts following PCR amplification, the amplification 
products were purified prior to DNA sequencing.  For each of the amplification products 
spectro-analysis showed sufficient DNA yield (ng/ μL) was retained following purification 










Table 3.9 Summary of the initial PCR amplifications carried out to amplify the regions 
remaining for the Leiopelma hamiltoni mitochondrial genome.  Each row represents a separate 
PCR reaction. The table includes; the name of the reaction, Forward and Reverse primers used 
in the reaction, approximated product length to be amplified, the position of the primers (as 
compared to the Leiopelma archeyi genome), and the DNA yield present in the amplification 




3.15 Sanger-sequencing and alignment of Leiopelma hamiltoni 
mitochondrial genome 
The 21 amplified Leiopelma hamiltoni DNA fragments were prepared for Sanger sequencing 
using the described protocol. Sequences obtained from Genetic Analysis Services were 
aligned using BLAST multiple alignment against the known Leiopelma archeyi whole 
mitochondrial sequence.  
 
  
Figure 3.21 Raw sequence from Genetic Analysis Services, amplified by primers FP2/RP2 in 
reaction L.hamiltoni 2.1 (Table3.9). 
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3.16 Analysis of Leiopelma hamiltoni mitochondrial amplicon 
alignment  
Analysis of the BLAST alignments revealed seven sequence ambiguities (Figure 3.22), for 
which amplification and/or sequencing failed to generate sequence data corresponding to 
these regions. The gaps varied in length and were dispersed randomly across the 
mitochondrial genome. 
 
Figure 3.22 Alignment of the raw sequence data generated from the PCR reactions targeted to 
amplify the Leiopelma hamiltoni mitochondrial genome, against the 16,593 bp Leiopelma pakeka 
mitochondrial genome present on GenBank.   
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3.17 Leiopelma hamiltoni gap PCR  
To obtain sequence data for these regions, seven new primer sets were designed to 
complement the known Leiopelma hamiltoni sequence in the flanking regions of each of the 
gaps. Primers were designed as per the standard protocol, and are listed in Table 3.10. 
 
  
Table 3.10 Summary of the 7 PCR reactions designed to amplify the sequence gaps 
present following alignment of the Leiopelma hamiltoni mitochondrial sequences. The 
table includes; the name given to the reaction, Forward and Reverse primers used in the 
reaction, approximated product length to be amplified, the position of the primers (as 
compared to the Leiopelma archeyi genome), and the DNA yield present in the 
amplification product quantified through spectro-analysis. 
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Visualisation of amplification products following PCR amplification using the PCR primers 
targeted to the sequence ambiguities in Leiopelma hamiltoni mitochondrial DNA showed all 
target sequences were successfully amplified. Success of the reactions was indicated by the 
presence of bright bands in the associated lanes (Figure3.23). When compared to the 
molecular weight marker, amplification products were of the expected length (Figure 3.23).  
Spectrophotometry of the purified amplification products showed sufficient quantities of 









Figure 3.23 Agarose gel image following gel electrophoresis of the reaction products 
amplifying the 7 sequence gaps to complete the 15,844 bp region of the Leiopelma 
hamiltoni mitochondrial genome. Contents in each lane are as follows; (XIV) Molecular 
weight marker (1) Lh2-FWD1/Lh2-REV1 (2) Lh2-FWD2/Lh2-REV2 (3) Lh2-
FWD3/Lh2-REV3 (4) Lh2-FWD4/Lh2-REV4 (5) Lh2-FWD5/Lh2-REV5 (6) Lh2-
FWD6/Lh2-REV6 (7) Lh2-FWD7/Lh2-REV7 (8) Positive Control 
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3.18 Attempted PCR of the Leiopelma hamiltoni D-loop 
Additional PCR amplifications were carried out using PCR primers designed to amplify 
partial sequences from the D-loop of the Leiopelma hamiltoni mitochondrial genome. The 
forward primer used in the reaction was designed as per the standard protocol to correspond a 
region in the Leiopelma pakeka D-loop that was derived using bioinformatics based 
techniques.  The forward primer was paired with a combination of reverse primers in the 
flanking region corresponding to bases 1-500 of Leiopelma archeyi, while the reverse primer 
was paired with forward primers designed in the opposite flanking region spanning anti 











Figure 3.24 UV light visualisation of PCR amplification products following gel 
electrophoresis. Primer content of each lane is as follow; (XIV) Molecular weight 
marker (1) 150514_fwd2/ gap250914_rev (2) 150514_fwd1/ gap250914_rev (3) 
gap250914_forw/ 150514_R1 (4) gap250914_forw/ 150514_R2 (5) 






Successful PCR amplification was achieved for all six reactions (Leiopelma pakeka 1P- 6P) 
using various primer combinations to amplify the two target regions (Table 3.11). 
Amplification products were observed under UV light following gel electrophoresis. Bands 
were observed for five of the six primer combinations, with the exception of 
gap250914_forw/ 150514_R2 (Leiopelma hamiltoni 4H, Table 3.11). This DNA band was not 
visible to the naked eye (Figure 3.24). Spectrophotometry of all the products following their 
purification was carried out to quantify the DNA remaining in the samples. Despite absence 
of a clearly visible band following gel electrophoresis of the amplification product from 
primer set; gap250914_forw/ 150514_R2, quantification revealed 4.8 ng/µL of DNA was 
present in the sample (Table 3.11).  Sufficient quantities of DNA for sequencing were also 
present in the amplification products of reactions; Leiopelma hamiltoni 2H, 3H and 5H (Table 
3.11). Reactions Leiopelma hamiltoni 1H and Leiopelma hamiltoni 5H were repeated 
Figure 3.25 A diagram illustrating the design of forward and reverse primers against the D-loop 
sequence resolved for Leiopelma pakeka using bioinformatics-based techniques, to pair with 
forward and reverse primers designed to known Leiopelma hamiltoni sequence in the regions 
flanking either side of the D-loop.  
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(Leiopelma hamiltoni 8H, Leiopelma hamiltoni 9H, Table 3.12) due to low DNA yield (Table 
3.11). Two new PCR primers (gap_forward/gap_reverse) (Table 3.12), designed to match the 
derived Leiopelma pakeka D-loop sequence, were used to amplify the sequence through the 




Figure 3.26 A diagram illustrating the design of primers against known Leiopelma pakeka D-loop 




Table 3.11 A summary of the PCR reactions carried out to partial sequence of gap 6/ the D-loop 
region of both Leiopelma pakeka and Leiopelma hamiltoni. The table includes; the name given to the 
reaction, Forward and Reverse primers used in the reaction, approximated product length to be 
amplified, the position of the primers (as compared to the Leiopelma archeyi genome), and the DNA 
yield present in the amplification product quantified through spectro-analysis.  
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Gel electrophoresis of the amplification products from the PCR reaction using primers 
150514_fwd2/gap250914_rev, and 
gap250914_forw/1F_Reverse, 
revealed the presence of bright bands 
in the corresponding lanes, of 
approximately the correct length 
when compared to the molecular 
weight marker (Figure 3.27). This 
result was confirmed through 
quantification of the amplification 
products using spectro-photometry, 
which showed Leiopelma 
hamiltoni DNA concentrations of; 
6.1 ng/μL, and 12.3 ng/μL were 
obtained in the samples following 
their purification (Table 3.12).  UV 
imaging of the amplification 
products corresponding to the new 
PCR primer set (gap_forward/gap_reverse) following gel electrophoresis, showed no DNA 
was present in the amplification reaction, as indicated by the absence of a bright band in lane 
2 (Figure 3.27).  
 
Figure 3.27 UV light visualisation following gel 
electrophoresis of PCR amplification products designed to 
amplify regions inside, and flanking, the D-loop of both 
Leiopelma pakeka and Leiopelma hamiltoni. Primer content 
of each lane is as follow; (XIV) Molecular weight marker (1) 
gap_forward/ gap_reverse (Leiopelma pakeka template DNA) 
(2) gap_forward/ gap_reverse (Leiopelma hamiltoni template 
DNA) (3) 150514_fwd2/ gap250914_rev (Leiopelma 
hamiltoni template DNA) (4) gap250914_forw / 1F_Reverse 





Table 3.12 A summary of PCR reactions designed to amplify sequence of gap 6/ D-loop in both 
Leiopelma pakeka and Leiopelma hamiltoni. The table includes; the name given to the reaction, 
Forward and Reverse primers used in the reaction, approximated product length to be amplified, 
the position of the primers (as compared to the Leiopelma archeyi genome), and the DNA yield 
present in the amplification product quantified through spectro-analysis.   
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3.19 Sequencing and alignment of the Leiopelma hamiltoni 
mitochondrial genome 
DNA successfully amplified in reactions; Leiopelma hamiltoni 8H and Leiopelma hamiltoni 
9H (Table3.12), was sent to Genetic Analysis Services for Sanger sequencing. The sequences 
obtained were combined with all Leiopelma hamiltoni sequences derived in this study. The 
sequences were aligned against the whole Leiopelma archeyi mitochondrial genome sequence 
(Accession number: NC_014691.1, Irisarri et al. 2010) (Figure 3.29). The sequences 
generated from this study aligned with good certainty from the first base of the Leiopelma 
archeyi sequence, through to base 16,367 (Figure 3.28; Figure 3.29). Using a FASTA 
conversion the aligned Leiopelma hamiltoni mitochondrial genome sequence was converted 




Figure 3.28 Alignment of the Leiopelma hamiltoni sequence in FASTA format, obtained in this study, 
against the known Leiopelma archeyi sequence available on GenBank (accession: NC_014691.1) 




Figure 3.29 Circularized representation of the near-complete Leiopelma hamiltoni 
mitochondrial genome, generated through the PCR and Sanger sequencing of overlapping 
amplicons. Amplicons are shown as black bars. Depth of coverage is represented as the 
thickness of red bars, ranging from 1 to 4 amplicons coverage Variable GC content is shown as 
the central black ring 
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3.20 Phylogenetic analysis  
Two phylogenetic trees were generated with 297bp sequences from 13 species of amphibian, 
using both the Neighbour-joining (Figure 3.30A) and maximum likelihood methods (Figure 
3.30B). A representative species of caecilian Rhinatrema bivivattum was used as the root for 
both trees (Figure3.30). Representatives of the genus Bombina (shown in blue Figure 3.30) 
are clustered as a sister clade to New Zealand’s Leiopelma frog genus (Figure 3.30).  
Leiopelma pakeka and Leiopelma hamiltoni are shown as sister species in both phylogenetic 
trees with good confidence as inferred by bootstrap values of 88 and 86  (Figure 3.30A; 
Figure 3.30B). These two species and form a clade to the exclusion of Leiopelma archeyi with 
100% bootstrap support using the Neighbour-joining method and 97% using the Maximum-
likelihood method (Figure 3.30).  Leiopelma archeyi, Leiopelma hamiltoni and Leiopelma 
pakeka form a sub-group to Leiopelma hochstetteri with average bootstrap support (Figure 
3.30). The position of Leiopelma hochstetteri within the phylogeny changed depending on the 
method used to design the phylogeny. When using the Neighbour-joining method Leiopelma 
hochstetteri formed a clade with the other 3 extant members of the genus Leiopelma (Figure 
3.30A). When using the Maximum-likelihood method to generate the molecular phylogeny, 






















 Figure 3.30 Molecular phylogenies generated using the (A) Neighbour-joining and  (B) Maximum-
likelihood methods. Both trees show the molecular phylogeny of 13 species of Amphibian. Both trees 
were generated following the MUSCLE alignment of 297 bp of 12s rRNA. Branch lengths are 
proportional to the number of nucleotide substitutions per site. Values given reflect the Bootstrap 
support of 100 replications. The tree produced reflects the relationships defined in an input distance 




Further molecular phylogenies were constructed using both the Neighbour Joining and 
Maximum-likelihood methods and the sequences of a 541 bp fragment of the Cytochrome b 
gene from 13 species of Amphibian. A representative species of caecilian Rhinatrema 
bivivattum was used as the root for both trees (Figure 3.31). Representatives of the genus 
Bombina form a sister clade to representatives of the genus Leiopelma when using the 
Neighbour-joining method (Figure 3.31A), however when using the Maximum-likelihood 
method Leiopelma hochstetteri forms a sister group to the genus Bombina, however this is not 
well supported with a bootstrap value of 49 (Figure 3.31B).  High bootstrap support in both 
methods of tree building indicates that Leiopelma pakeka and Leiopelma hamiltoni are, with 
good confidence, sister taxa (Figure 3.31). The pair forms a subgroup to Leiopelma archeyi 
with a good confidence as shown by bootstrap values of 100 (Figure 3.31A), and 92 (Figure 
3.31B). Leiopelma pakeka, Leiopelma hamiltoni and Leiopelma archeyi form a subgroup to 
Leiopelma hochstetteri however this is with a low bootstrap support of 61 using the 
















Two further phylogenies were constructed using 13,789 bp fragments of the mitochondrial 
genome for 12 species of amphibian (Figure 3.32) using both the Neighbour-joining and 
Maximum-likelihood methods.  A representative species of caecilian Rhinatrema bivivattum 
was used as the root for both trees (Figure 3.32). In both trees all representatives of the genus 
Bombina form a clade (Figure 3.32), as do the three representatives of the genus Leiopelma, 
these clades are well supported with bootstrap values of 100 (Figure 3.32). The position of 
Ascaphus truei differs between methods. The Neighbour-joining method places Ascaphus 
truei as a sister group to representatives of the genus Leiopelma with good bootstrap support 
of 77, while the Maximum-likelihood method places with low bootstrap support 
representatives of the genera Leiopelma and Bombina as sister taxa to the exclusion of 
Ascaphus truei (Figure 3.32).  The position of Leiopelma pakeka and Leiopelma hamiltoni as 
sister taxa to the exclusion of Leiopelma archeyi is well supported in both molecular 
phylogenies as shown by bootstrap support values of 100 (Figure 3.32).  
 
  
Figure 3.31 Molecular phylogenies generated using the (A) Neighbour-joining and (B) Maximum-
likelihood methods. Both trees show the molecular phylogeny of 13 species of Amphibian. Both 
phylogenies were generated following the MUSCLE alignment of 800 bp sequences from the 
mitochondrial cytochrome b gene. Branch lengths are proportional to the number of nucleotide 
substitutions per site. Values given reflect the Bootstrap support of 100 replications. The tree produced 










Table 3.13 A summary of the sequence data used for the generation of our molecular phylogenies 
(Figure 3.30, 3.31, 3.32). Table includes; Species name, GenBank accession number (if applicable), 
length of mitochondrial sequence used (in base pairs), location in Supplementary (if applicable).    
Figure 3.32 Molecular phylogenies generated using the (A) Neighbour-joining and (B) Maximum-likelihood 
methods. Both trees show the molecular phylogeny of 12 species of Amphibian. Both phylogenies were generated 
following the MUSCLE alignment of 13,789 bp sequences from the mitochondrial genome. Branch lengths are 
proportional to the number of nucleotide substitutions per site. Values given reflect the Bootstrap support of 100 
replications. The tree produced reflects the relationships defined in an input distance matrix.   
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Comparative analysis was carried out for all near complete amphibian mitogenomes used for 
phylogenetic analysis in this thesis. The two species at the forefront of this thesis Leiopelma 
pakeka and Leiopelma hamiltoni had a total of 139-nucleotide differences within this region 
giving a pairwise identity of 98.97% (Figure 3.33). Leiopelma pakeka and Leiopelma archeyi 
have a total of 726 nucleotide differences with a pairwise identity of 94.7% (Figure 3.33). 
Leiopelma hamiltoni and Leiopelma archeyi have a total of 781 nucleotide differences and a 
pairwise identity of 94.3% (3.33). The number of nucleotide differences between Ascaphus 
truei and all three representatives of the genus Leiopelma ranged from 3,522-3,549. The 
number of nucleotide differences between representatives of amphibian genus Bombina 
ranged between 274-1,879 (Figure 3.33). The highest pairwise identity within the genus 
Bombina was 97.98% between Bombina lichuanensis and Bombina microdeladigitora and the 
lowest was 86.2% between Bombina microdeladigitora and Bombina variegata (Figure 3.33).   
  
Figure 3.33 (Left) The number of nucleotide differences between the 13,789 bp fragments of the 
mitochondrial genomes of the 12 amphibian species used in our molecular phylogeny (Right) Percentage 
of identical loci found between the 13,745 bp fragments of the mitochondrial genomes of the 12 
amphibian species used in our molecular phylogeny. Shading represents the amount of difference (the 
darker the square the more identical the two sequences). This information was generated using the 




3.20 Structure of the Leiopelma pakeka D-loop 
A thorough analysis was carried out on the manually aligned D-loop region of Leiopelma 
pakeka generated in this thesis. This region contains a complex number of repeats thus the 
following description is our best interpretation of its structure. The total length of this region 
is estimated at 822 bp (Figure 3.34). It contains approximately 184 bp- long non-tandem 
repeats. These repeats themselves are repeated approximately 5 times (Figure 3.34).  
  
 
Figure 3.34 Leiopelma pakeka D-loop compared with the published Leiopelma archeyi D-loop. Colours 




4.1 The Aim  
The primary goal of this thesis was to clarify the controversial phylogenetic relationship 
between two of New Zealand’s vulnerable and unique members of the Leiopelma frog genus, 
Leiopelma pakeka and Leiopelma hamiltoni. Originally this work aimed to produce complete 
mitochondrial DNA sequences for comparative analysis of these species. Technological 
advancements in Next Generation Sequencing technologies over recent years have seen an 
increase in the generation and use of whole genome sequences across numerous biological 
fields (Li et al. 2010; Ekblom & Galindo 2011) . Preliminary analysis of the DNA extracted 
from Leiopelma pakeka revealed sample quality and quantity issues that required careful 
treatment prior to mitochondrial genome sequencing and analysis. Using both next generation 
and Sanger-based sequencing technologies this thesis aimed to produce the complete 
mitochondrial genomes for both Leiopelma pakeka and Leiopelma hamiltoni. Through 
comparative analysis of these sequences this thesis aimed to divulge the phylogenetic 
relationship shared between Leiopelma pakeka and Leiopelma hamiltoni. The information 
gathered from this thesis will clarify a relationship that has been the subject of an ongoing 
debate among conservationists and aid the continued conservation management of these rare, 
vulnerable, and unique frogs.  
4.2 Limitations  
The original aim of this study was the whole genome sequencing and analysis of two species 
of frogs from the genus Leiopelma. High costs associated with the sequencing and assembly 
of large eukaryotic genomes has been a limiting factor in the application of whole genome 
sequencing in the field of conservation genetics (Li et al. 2010). The development of Next 
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Generation massively parallel sequencing technologies including the Illumina Genome 
Analyser, used in this study, has improved the sequencing throughput, reduced the cost, and 
advanced research in many areas of biological science (Land et al. 2015; Li et al. 2010). 
Whole genome sequencing and analysis has been used widely when dealing with model 
organisms, mainly for the re-sequencing of already described genomes (Ekblom & Galindo 
2011). Due to developments in sequencing technologies, an increasing number of non-model 
genomes have been sequenced (Land et al. 2015). Unlike with model species, non-model 
species are often without a reference genome to aid the alignment, complicating the alignment 
of the whole genome. Despite these difficulties, successful sequencing and alignment of 
whole genomes for non-model species has been carried out with the use of de novo assembly 
methods, as was done for the whole genome of the Giant Panda (Li et al. 2010; Ekblom & 
Galindo 2011). Despite an increase in the number of non-model genomes sequenced, the field 
is still limited by the cost, lack of expertise, and infrastructure required for data collection, 
analysis and output handling, making whole genome analysis still out of reach for many 
groups involved in conservation genetics (Ekblom & Galindo 2011). Generation of whole 
genomes for both Leiopelmatid species would have been ideal for the phylogenetic analysis 
carried out in this thesis. Despite large-scale developments in sequencing technologies over 
recent years, the limitations still present for the application of the whole genome sequencing 
for non-model species were evident in this study (Ekblom & Galindo 2011). Non-model 
species at the forefront of conservation genetic analysis such as the Leiopelmatid frogs in this 
study are often at-risk species, or have populations with limited sample sizes (Li et al. 2010; 
Ekblom & Galindo 2011). In the case of this study the rarity of members of the Leiopelma 
genus, and their subsequent protection, limited the availability of tissue samples for DNA 
extraction and analysis. Permission was granted for the use of one preserved representative of 
the species Leiopelma pakeka. This specimen was found dead on discovery over 10 years ago, 
and preserved in ethanol. It was unknown how long the specimen had been decomposing 
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prior to its discovery on Maud Island, and the cause of its death was also unknown. 
Preliminary analysis of the sequences derived from the DNA extracted from the thigh muscle 
tissue of the preserved Leiopelma pakeka specimen highlighted the presence of large 
quantities of bacterial DNA comprising the vast majority of the Trinity assembled contigs.  
Based on these findings, the possibility of using the mitochondrial genome as opposed to the 
nuclear genome for our phylogenetic analysis was investigated.  
Mitochondria are intracellular eukaryotic organelles present in multiple copies within an 
animal cell (Castro Antönia & Ramon 1998). Mitochondria produce ATP through oxidative 
phosphorylation, and contain DNA coding for proteins specific for themselves (Castro 
Antönia & Ramon 1998). The overall length of mitochondrial genomes varies between 
organisms, some examples are; Metazoan: Ascaris suum, 14.5 kb; Yeast: Saccharomyces 
cerevisiae, 78 kb; Homo sapiens 16,569 KB. Mammalian mtDNA is inherited from the 
mother, with a rate of mutation 5 to 10 times faster than the nuclear genome (Castro Antönia 
& Ramon 1998). It has been previously assumed that no recombination events occur in the 
mtDNA however there is on-going debate within the area, and numerous studies including 
those on the human mtDNA have reported the presence of recombinant mtDNA molecules in 
cell lines (Hagström et al. 2014). The number of copies of mtDNA per mitochondrion varies, 
some mitochondria have found to contain greater than 10 copies (Castro Antönia & Ramon 
1998). There are numerous differences between mitochondrial and nuclear genomes 
including; length (the mitochondrial genome being 0.00055% of the total human genome), the 
ploidy, mode of inheritance, degree of recombination, effective population size, mutation rate, 
number of introns, and repair mechanisms (Scheffler 1999; Ballard & Whitlock 2004; Gonder 
et al. 2007). Many of the features attributed to the mitochondrial genome such as; maternal 
inheritance, fast evolutionary rate, conserved gene content, and lack of genetic recombination 
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have contributed to the extensive use of mtDNA in the last three decades as a tool in various 
areas of biological science (Zhang et al. 2013).  
The mitochondrial genome has been an invaluable tool in fields such a conservation genetics/ 
molecular ecology, for studies of a similar nature to the one in this thesis; including the use of 
whole human mtDNA sequences to deduce the root of the human phylogenetic tree (Gonder 
et al. 2007). Importantly for this study, whole mtDNA sequencing and analysis has been 
demonstrated for the tuatara Sphenodon (Mohandesan et al. 2013), another representative of 
relict New Zealand fauna like the Leiopelma frog genus. Whole mtDNA sequence analysis 
was used to generate an understanding of the molecular rate of evolution for the tuatara, and 
to carry out phylogenetic analysis (Mohandesan et al. 2013). Mitochondrial genomes have be 
used widely among other species of amphibians including in a 2013 study that generated 47 
nearly complete new anuran mitochondrial genomes (Zhang et al. 2013). In addition to the 
production of informative phylogenetic and evolutionary information regarding Anurans, this 
study also evaluated the accuracy of using mtDNA data compared with nuclear data for these 
types of analyses (Zhang et al. 2013). Importantly for this thesis their comparative analysis 
showed the performance of the mitogenome for both phylogenetic and divergence time 
inferences was good, providing important reference hypotheses for the phylogeny and 
evolution of frogs (Zhang et al. 2013).  
 
The attractiveness of mtDNA for use in this study was the abundance of the mitochondrial 
genome not just within the cell but also within the organelles themselves. As previously 
mentioned, the Leiopelma pakeka specimen available for use in this study was both degraded 
and contaminated. To counter sample limitations this thesis used multiple displacement 
amplification (MDA) in an attempt to amplify the template DNA. While amplification of 
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DNA was successful the majority of the amplified DNA was identifiable as prokaryote DNA, 
indicative of bacterial contamination. As the mitochondrial genome is significantly more 
abundant within an organism than the nuclear genome (Gonder et al. 2007), screening of the 
Trinity assembled contigs was carried out using a command line interface to select for contigs 
with significant matches to the published mitochondrial genome of Leiopelma archeyi. The 
identification of 69 contigs matching with significance to the mitochondrial genome of 
Leiopelma archeyi, gave almost complete coverage of the mitochondrial genome of 
Leiopelma pakeka with the exception of 6 gaps. Resolution of the sequence gaps was 
successfully carried out using PCR and bioinformatics-based techniques, to generate the 
complete mitochondrial genome of Leiopelma pakeka.   
4.3 Discussion of previous work  
Prior to this thesis the phylogenetic relationship between Leiopelma pakeka and Leiopelma 
hamiltoni has been scrutinized by various groups, using a variety of analytical techniques. A 
key study that has been pivotal to the current status of these populations is a study by Bell and 
associates (1998). This group carried out comparative analysis of 12 allozyme loci from 
individuals representing all extant species of the genus Leiopelma, including 59 
representatives from the Maud Island frog population and 11 individuals from the Stephens 
Island frog population. Of the 12 allozymes for which electrophoretic data was obtained, two 
loci (malate dehydrogenase and peptidase) had fixed differences, and one locus (lactate 
dehydrogenase) had significant differences in allele frequency (Figure 4.0). Pair-wise 
unbiased estimates of genetic distance (D) carried out by the group revealed that Maud Island 
and Stephens Island frog populations had an estimate of genetic distance of D=0.24. This 
distance exceeded the maximum value of genetic distance (D=0.15), which at the time was 
the genetic distance estimate commonly found between conspecific populations of 
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amphibians and reptiles (Bell et al. 1998). This study revealed a genetic distance estimate of 
D=0.18 for Leiopelma archeyi and the Stephens Island frog population (Leiopelma 
hamiltoni), and proceeded to conclude the two as sister taxa, with the exclusion of the Maud 
Island frog (Leiopelma pakeka) (Bell et al. 1998). At the conclusion of this study the Maud 
Island population of frogs gained specific status and became Leiopelma pakeka while the 





Figure 4.0 A table showing the allozyme frequencies of variable loci, unbiased estimates of 
average heterozygosity, number of alleles per locus, and percentage of polymorphic loci for five 
Leiopelma populations. Highlighted in red are they two allozyme loci that differ between 
Leiopelma pakeka and Leiopelma hamiltoni.  A= mean number of alleles per loci, H= unbiased 
estimate of average heterozygosity, %P (0.05) = Percentage of loci with common allele 




Following the release of the 1998 study by Bell and associates came a response from another 
scientific group whose aim was to re-investigate the relationship between Maud Island and 
Stephens Island populations using partial mtDNA analysis (Holyoake et al. 2001). This study 
used PCR and a Gibco/ BRL Labs S2 sequencing apparatus to generate sequence data of the 
partial cytochrome b gene and 12S rRNA (299 and 300 bp respectively), from 47 individuals 
representing all four described species of the Leiopelma frog genus. Maximum parsimony 
analysis identified a single most parsimonious tree for each of the two genes (Figure 4.1). The 
conclusion of this study contradicted those of Bell and associates (1998), instead supporting 
the hypothesis that the Maud Island and Stephens Island populations are sister taxa (Holyoake 
et al. 2001). The 12S sequences generated from representatives of the Maud Island and 
Stephens Island frog populations were identical, while the partial cytochrome b gene 
sequences differed by 0.66%, the same genetic distance that was observed between allopatric 
populations of Leiopelma archeyi (Figure 4.0) (Holyoake et al. 2001). The maximum 
parsimony phenogram generated using partial cytochrome b sequences produces 100% 
bootstrap support for the Leiopelma pakeka and Leiopelma hamiltoni clade, excluding 
Leiopelma archeyi (Holyoake et al. 2001). By constraining their cytochrome b data to fit the 
predictions of Bell and associates (1998), this study found the minimum length tree increased 
from 161 steps to 171 steps, a highly significant difference in tree length (P= 0.0015), when 
examined using the Kishino-Hasegawa test. Furthermore the group found 87 trees equally or 
more parsimonious than the tree generated using the constraints to fit the predictions of Bell 
and associates (1998). Comparative analysis between the 12S sequence data showed 3 fixed 
differences (1%) between the Leiopelma pakeka and Leiopelma hamiltoni clade and the two 
populations of Leiopelma archeyi (Figure a). This study concluded through analysis of 
approximately 600 bp of mitochondrial DNA that Leiopelma pakeka from Maud Island and 
Leiopelma hamiltoni from Stephens Island had genetic divergence comparable to allopatric 
populations of Leiopelma archeyi, and could be concluded as sister taxa or possibly 
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geographically isolated populations of the same species (Holyoake et al. 2001). Additionally 
this group concluded that Leiopelma pakeka and Leiopelma hamiltoni formed a clade to the 
exclusion of Leiopelma archeyi (Holyoake et al. 2001). The conclusions made through the 
analysis of partial mtDNA sequences contradicted the phylogenetic relationships concluded 
through allozyme loci and morphological analysis carried out by Bell and associates (1998). 
The phylogenetic relationships concluded for the Leiopelma frog genus by Holyoake (2001), 
were consistent with the relationship concluded using morphological analysis in 1958. 
Additionally the phylogenetic conclusions met by Holyoake and associates (2001), which 
excludes Leiopelma archeyi from the clade formed by Leiopelma pakeka and Leiopelma 
hamiltoni, is supported by the geographical distribution of the taxa, as both Leiopelma pakeka 






Figure 4.1 Maximum parsimony phenogram based on (A) 12s RNA sequence data (B) Cytb 
sequence data. Generation of these trees were carried out using 100 bootstrap replications.  
Branch lengths shown are proportional to the minimum number of changes associated with the 
respective branches. Bootstrap confidence values are shown if above 50%.  Highlighted in red 
are the positions of Leiopelma pakeka and Leiopelma hamiltoni within both phenograms. 
Figure adapted from (Holyoake et al. 2001) 
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4.4 Comparison of this thesis to previous work  
This thesis uses near-complete mitochondrial genomes to carry out phylogenetic analysis of 
Leiopelma pakeka and Leiopelma hamiltoni. An important element to this thesis is how the 
methods and results compare to the two key studies carried out previously to resolve this 
relationship. This thesis generated the complete mitochondrial genome of Leiopelma pakeka 
and the near complete mitochondrial genome of Leiopelma hamiltoni using a combination of 
next generation sequencing (NGS) and Sanger-based sequencing technologies (Table 4.1). As 
previously discussed the techniques surrounding these technologies have improved 
dramatically over recent years, decreasing the cost and increasing the efficiency of these 
sequencing methods, making them more applicable to studies such as this one (Ekblom & 
Galindo 2011). For this analysis 13, 789 bp of mitochondrial sequence of 12 species of 
amphibian were compared, including the two sequences generated in this thesis and 10 
sequences available in GenBank (Table 4.1). From this analysis it was concluded that 
Leiopelma pakeka and Leiopelma hamiltoni differ by 139 nucleotides within this region, 
which equates to a pairwise genetic distance estimate of 0.0121 or 1.121% (Table 4.1). The 
molecular phylogeny generated with 13,789 bp regions of the mitogenomes of all 12 species 
of amphibian indicated that Leiopelma pakeka and Leiopelma hamiltoni are sister taxa to the 
exclusion of Leiopelma archeyi (Table 4.1). When comparing the results of this analysis to 
the two pivotal studies carried out prior, the phylogeny is in concordance with Holyoake and 
associates (2001) and contrasts with the findings of Bell and associates (1998). The level of 
genetic variation between Leiopelma pakeka and Leiopelma hamiltoni is greater than that 
concluded by Holyoake and associates (2001) and less than that concluded by Bell and 
associates (1998) (Table 4.1).   
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Table 4.1 A summary of molecular analyses (including this thesis) conducted to deduce the 
phylogenetic relationship between of Leiopelma pakeka and Leiopelma hamiltoni.  
 
107 
4.5 Why was this work important?  
One of the most significant implications following the results of this thesis is its contribution 
to the on-going conservation management of the archaic Leiopelma frog genus, all species of 
which feature on the most recent IUCN Red List of Threatened Species (IUCN 2014). 
Conservation efforts in New Zealand have largely involved the establishment of national 
parks and reserves along with active management attempts to eradicate browsing mammalian 
pests such as possums and deer (Clout & Saunders 1995). Highlighted as major success for 
conservation in New Zealand is the eradication of pests from offshore islands, some as great 
as 250 hectares (Clout & Saunders 1995).  Following the success of practical conservation 
efforts such as development of predator free islands and sanctuaries has aroused the planning 
and execution of species recovery programmes (Clout & Saunders 1995; Bishop et al. 2013). 
Implicated as a key factor to the success of recovery programmes is the continued co-
operation between scientists and conservation managers (Clout & Saunders 1995). 
Fundamental to the recovery and conservation management of the Leiopelma frog genus is 
the greater understanding of their phylogeny, an understanding that has been hindered by their 
cryptic nature (Bell et al. 1998; Holyoake et al. 2001). The belief that an accurate taxonomic 
description of conservation units is of crucial importance for the successful conservation 
management of taxa has been long standing (May 1990; Wolf et al. 2007). Taxonomy has 
been highlighted as the foundation of traditional conservation, and is considered to be the 
underlying basis for quantifying biodiversity (Daugherty et al. 1990). The significance of 
taxonomic description in New Zealand was made apparent following the extinction of a 
subspecies of New Zealand’s relict herpetofauna (May 1990). Despite the identification of 
three subspecies of Tuatara through both morphological and genetic differentiation, failure to 
acknowledge these subspecies between the years 1949-1981 has contributed to the extinction 
of Sp. reischeki (May 1990; Daugherty et al. 1990).  
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4.6 Conservation implications  
Much like the Tuatara, the phylogenetic relationship at the forefront of this thesis has been 
under investigation for many years. Prior to this thesis there has been a failure to produce a 
consensus on the relatedness of the Maud Island and Stephens Island Leiopelmatid frog 
populations. These frog populations have been described as cryptic (Bell et al. 1998). Taxa 
have been described as cryptic for a number of reasons including but not limited to; undefined 
or faulty taxonomy, possess sister taxa with undefined distributions, or posses significant 
intraspecific genetic variation (Lovich & Whitfield Gibbons 1997).  Cryptic or unrecognized 
species have been highlighted as a major concern in conservation biology (Lovich & 
Whitfield Gibbons 1997). The 1998 study by Bell and associates using allozyme analysis 
elevated Leiopelma pakeka of Maud Island to species status, which had radical effects on the 
status of the remaining Leiopelma hamiltoni population on Stephens Island (Bell et al. 1998; 
Holyoake et al. 2001). Where previously Leiopelma hamiltoni was listed as vulnerable on the 
IUCN Red List of Threatened Species, following its recognition as a separate species from the 
30,000 frogs found on Maud Island, it is today arguably one of the world’s rarest frogs 
(Holyoake et al. 2001; IUCN 2014). The findings in this thesis have important implications 
for the on-going conservation management plans designed to conserve these frog populations. 
Confirming their status as genetically distinct populations will ensure that the two populations 
remain separate and are conserved in a way best suited to their current population status. Of 
particular importance is the ongoing conservation of the Stephens Island population, which 





4.7 Determining a species  
One of the key issues and conflicts faced by conservation biologists surrounds the definition 
of a species (Lovich & Whitfield Gibbons 1997).  Understanding and deducing the 
phylogenetic relationship shared between Leiopelma pakeka and Leiopelma hamiltoni has 
been under intense debate for numerous years (Bell et al. 1998; Holyoake et al. 2001) and is a 
key conclusion of this thesis. There are at least 26 species concepts that have been used by 
biologists over numerous decades (Frankham et al. 2012). The use of different species 
concepts to classify species has potential financial, legal, biological and conservation 
implications (Frankham et al. 2012). The use of different species concepts has caused much 
confusion, controversy and potential problems for the allocation of species for conservation 
purposes (Frankham et al. 2012). The three concepts most widely used by the systematic and 
conservation communities are; the biological species concept (BSC), evolutionary species 
concept (ESC), and the phylogenetic species concept (PSC) as defined in Table 4.2 (Mayr 
1942; Wiley 1978; Cracraft 1983; Frankham et al. 2012). All commonly used species 






Table 4.2 The three most commonly used species concepts along with a definition of each of the 
three concepts.   
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(Frost & Hillis 1990) concluded that “any method used for the identification of species is 
bound to fail with once frequency, and that invoking a particular arbitrary level of genetic 
distance or morphological divergence as a “species criterion” is neither appropriate nor 
fruitful”.                                               
4.8 The comparison of sequence divergence in other reptiles and 
amphibians 
Lack of consensus surrounding the definition of a species causes inevitable difference of 
opinion (Ennen et al. 2010). This thesis had numerous considerations when deducing the 
relationship between Leiopelma pakeka and Leiopelma hamiltoni. While the main focus was 
on the molecular divergence found between the two populations, it was also necessary to 
consider other features, such as how this compares to other studies of a similar nature, the 
geographical location of the two populations, the morphological variation between the two 
populations and their general biology.  
This thesis generated a molecular phylogeny using 13,789 bp of mitochondrial DNA from 12 
amphibian species. Of the 12 amphibia used, five were from the genus Bombina, commonly 
known as fire-bellied toads (Pabijan et al. 2013).  The pairwise divergence estimates 
generated in this thesis were compared to the estimates published by Pabijan and associates 
(2013), who carried out phylogenetic analysis on the genus Bombina using whole 
mitochondrial genomes. Our results mimicked closely those found in the Pabijan study, 
showing the accuracy, strength and reproducibility of the analysis carried out in this thesis 





The total number of nucleotide differences between 13,789 bp of sequence representing the 
mitogenomes of Leiopelma pakeka and Leiopelma hamiltoni was estimated at 139, with a 
pairwise distance calculation of 0.01021 (The closer the value to 1 the more genetically 
diverged the taxa) (Figure 4.3).  The percentage of genetic differentiation estimated between 
the two is 1.021%. To aid the determination of the specific status of Leiopelma pakeka and 
Leiopelma hamiltoni their level of genetic divergence was compared to the genetic divergence 
found between representative species of amphibian genus Bombina (fire-bellied toads) 
(Pabijan et al. 2013). The pairwise distances between two species of the genus Bombina, 
Bombina variegata and Bombina maxima as well as between Bombina variegata and 
Bombina lichuanensis 
are between 0.13633-
0.1376, which translates 
to a percentage genetic 
difference of 13.633%-




separate Bombina species exceeds the 1.021% genetic differentiation found between 
Leiopelma pakeka and Leiopelma hamiltoni.  Furthermore comparison of the pairwise 
distances calculated between Leiopelma archeyi and Leiopelma pakeka and Leiopelma 
archeyi and Leiopelma hamiltoni which are 0.05738, 0.05339 respectively, also exceeds the 
pairwise distance between Leiopelma hamiltoni and Leiopelma pakeka. Notably the pairwise 
distance between two separate species of the genus Bombina, Bombina lichuanensis and 
B.maxima B. lichuanensis B. microdeladig B. bombina B. variegata 
B. maxima 0.05279 0.05757 0.13538 0.13633
B. lichuanensis 0.05279 0.0202 0.13662 0.1376
B. microdeladig 0.05757 0.0202 0.13808 0.1384
B. bombina 0.13538 0.13662 0.13808 0.08518
B. variegata 0.13633 0.1376 0.1384 0.08518
B.maxima B. lichuanensis B. microdeladig B. bombina B. variegata 
B. maxima 0.054 0.059 0.136 0.138
B. lichuanensis 0.054 0.021 0.135 0.136
B. microdeladig 0.059 0.021 0.137 0.138
B. bombina 0.136 0.135 0.137 0.081
B. variegata 0.138 0.136 0.138 0.081
Figure 4.2 A comparison of the pairwise divergence estimates 
calculated in this thesis (Top) and in Pabijan et al (2013) (Bottom) 
for representatives of the genus Bombina.  
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Bombina microdeladigitora is 0.0202 (Figure 4.2), this low level of genetic variation between 
the mitogenomes of these species has been noted, and the relationship is said to require 
further investigation before specific conclusions can be made (Pabijan et al. 2013). The level 
of genetic divergence found between Leiopelma pakeka and Leiopelma hamiltoni is lower 
than the average genetic divergence found between recognised sister pairs of Madagascan 
reptiles following a DNA bar-coding study of 250 Madagascan reptiles (Nagy et al. 2012). 
This study used DNA bar-
coding to facilitate the 
molecular identification of 
Madagascan reptiles (Nagy 
et al. 2012). The lowest 
average genetic divergence 
between ‘good’ species was 
11.9%, found between species of the family Boidae (Madagascan boas). The highest genetic 
divergence was 24.2% within the family Geckkonidae (geckos) (Nagy et al. 2012). The 
genetic divergence between Leiopelma pakeka and Leiopelma hamiltoni calculated in this 
thesis can also be compared to genetic distances found between populations of Comoran 
snakes of the genus Lycodryas present on the Comoros archipelago (Hawlitschek et al. 2012) . 
Like the Leiopelma frog genus, the history of the Lycodryas snakes has been largely shaped 
by their presence on isolated islands (Hawlitschek et al. 2012). Through the use of 
mitochondrial DNA and morphological variations analysis this study proposed that what has 
thus far been recognised as one endemic species, Lycodryas sactijohannis is actually two 
separate species each comprised of two subspecies (Hawlitschek et al. 2012). The genetic 
divergences calculated between the two proposed species ranges from 8.6-10.4% while the 
genetic divergences calculated between proposed subspecies ranges from 5.3-7.8% 
L. archeyi L. hamiltoni L. pakeka 
L. archeyi 0.05738 0.05339
L. hamiltoni 0.05738 0.01021
L. pakeka 0.05339 0.01021
Figure 4.3 Pairwise divergence estimates between representatives 
of the genus Leiopelma. Highlighted is the divergence estimate 
between Leiopelma pakeka and Leiopelma hamiltoni. 
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(Hawlitschek et al. 2012).  The genetic divergence calculated between the Leiopelma species 
in this thesis is more comparable to the proposed sub-species than to the proposed distinct 
species.  
 
4.9 Geographical considerations 
It is well known that geographical distribution influences speciation events (Parent et al. 
2008). Of particular importance to the frogs under investigation in this thesis is their 
appearance on the New Zealand archipelago (Bell & Wassersug 2003). Archipelagos have 
attracted scientists for decades, notably due to their effects on speciation events among flora 
and fauna (Parent et al. 2008). A common characteristic of archipelagos such as New 
Zealand, is the presence of closely related species on different islands (Parent et al. 2008). It 
is important when considering the relationship between Leiopelma pakeka and Leiopelma 
hamiltoni that we consider their proximity, and their current or past potential to intermingle. 
The relationship under investigation in this thesis is that shared between Maud Island and 
Stephens Island populations of frogs belonging to the genus Leiopelma. Individuals inhabiting 
Stephens Island in the Marlborough Sounds of New Zealand were found in 1919 and given 
the name Leiopelma hamiltoni by co-founder McCulloch (Stephenson 1961). The frogs from 
the initial discovery were isolated to a barren boulder bank at an altitude of 1000 feet. The 
localised and rigorous nature of their habitat meant that for numerous years following their 
discovery the frogs were believed extinct (Stephenson 1961). An important factor in the 
consideration of the two populations being of the same species was the current and historic 
geological history of their habitat. Stephens Island (40° 40'S, 174° 00'E) and Maud Island 
((41° 01'S, 173° 53'E) are as mentioned both located in the Marlborough Sounds, at the 
Northern tip of New Zealand’s South Island (Bell et al. 1998). The two islands are located 40 
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It is important to consider the close proximity of Maud Island and Stephens Island when 
investigating the phylogenetic relationship shared between the two inhabiting frog 
populations. New Zealand’s position on the junction of the Indian-Australian and Pacific 
plates has resulted in extensive geological disturbance; consequently the percentage New 
Zealand’s land area that has been above sea level has fluctuated dramatically over the course 
of its geological history (Trewick & Morgan-Richards 2005). In the Oligocene 35Ma the 
emergent land was approximately 18% of the area seen today, while at the peak of the last 
glaciation event 14,000 years ago the sea level was approximately 140 metres lower than 
what we see today (Gibb 1986). During the last glacial period New Zealand’s North and 
South Islands were connected by a land bride extending from the Marlborough Sounds, which 
Figure 4.4 (Left) LINZ map showing various sea depths in waters surrounding Stephens 
island. Image taken from (https://data.linz.govt.nz/layer/1909-marlborough-04m-rural-aerial-
photos-2011-2012/).  (Right) Map of Marlborough Sounds, circled in red are Stephens Island 




became severed post glaciation (Gibb 1986). Several northern hemisphere phylogeographic 
studies have focused on the role of the Pleistocene upon organismal distributions. The idea of 
glaciation events and subsequent sea level changes, as well as tectonic plate movements 
affecting the distribution of New Zealand’s flora and fauna has been explored, focusing on 
numerous organisms including the New Zealand Weta (Trewick & Morgan-Richards 2005). It 
is well established that the distribution of New Zealand’s Leiopelmatid frogs has been 
influenced by the arrival of mammals to New Zealand, however it is also likely that geology 
has played a key role in the phylogenetic relationship shared between the populations, 
especially with the possibility of a land bridge connecting the two islands during the last 
glaciation event (Gibb 1986). While the two populations may have been isolated for around 
14,000 years, there is a possibility that the two derived from a single founder population, or 
gene flow between the two populations occurred (Gibb 1986).  
 
4.10 Morphological variations analysis 
The molecular divergence found between Leiopelma pakeka and Leiopelma hamiltoni in this 
thesis is supported by their morphological variation. The first comparison of the two 
populations came following the discovery of the Maud Island frog population by Bell in 1958 
(Stephenson 1961). Representatives of the newly discovered Maud Island population were 
carefully examined both internally and externally, measured, and compared with two museum 
specimens of Leiopelma hamiltoni from Stephens Island (Stephenson 1961). Following 
anatomical and statistical investigations it was deemed appropriate that the two retained the 
same specific status, and the Maud Island population was deemed an additional population of 
Leiopelma hamiltoni (Stephenson 1961). A benchmark paper by Bell and associates (1998) 
that lead to the description of Leiopelma pakeka as a distinct species highlighted 
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morphological variations between the two populations that supported their separation as two 
species (Bell et al. 1998). Differences between the two populations included; dorsal colour, 
body size (snout-vent length), and differences in finger and toe shape (Bell et al. 1998).  The 
variation found between the two populations is described as subtle (Bell et al. 1998), which 
corresponds with the low level of molecular variation found in this thesis between the two 
populations.  
4.11 General biology, life history and habitat 
Due to the rarity and uniqueness of New Zealand’s Leiopelma frog genus many studies have 
been conducted to examine various aspects of their habitat and life-history. Habitat and life-
history are recognised as an important reflection on the relatedness and compatibility of 
organisms and is therefore important when considering the relationship between Leiopelma 
pakeka and Leiopelma hamiltoni. Genetic analysis carried out prior to this thesis has 
examined the chromosomal structure of all four extant species (Green 1988). These studies 
have revealed that the karyotype in the Leiopelma hochstetteri is 2n=22, while Leiopelma 
hamiltoni, Leiopelma pakeka and Leiopelma archeyi all have 2n=18 (Green 1988). All four 
extant species lack the presence of tympanic membrane, Eustachian tubes, and vocal sacks 
(Stephenson 1961). It is believed that they may respond to vibrations and sound but tactile, 
visual, and olfactory sense appear most important (Stephenson 1961).  All four extant 
Leiopelma species have large eyes which is facilitative of nocturnal behaviours (Bell 2010). 
Based on comparative analysis Leiopelma archeyi appears to be the least nocturnal of the four 
species (Bell 2010).  Leiopelma archeyi, Leiopelma hamiltoni and Leiopelma pakeka are all 
terrestrial while Leiopelma hochstetteri has adapted to a semi aquatic life-style (Bell 2010). 
All extant Leiopelma species are endotrophic, Leiopelma hamiltoni, Leiopelma pakeka and 
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Leiopelma archeyi are all exoviviparous, with hatchlings developing on the male’s dorsum 
(Bell 1978; Bell & Wassersug 2003), while Leiopelma hochstetteri is nidicolous (Bell 1978). 
 
4.12 Evolutionary Significant Units (ESUs)  
One of the main impacts of the results of this thesis is on the on-going conservation 
management of representatives of the Leiopelma frog genus. While the lack of consensus 
surrounding the definition of a species has been discussed, we also aim to highlight the 
adoption of concepts such as evolutionary significant units (ESU’s), which are designed 
specifically to provide a rational base for prioritising taxa for conservation (Moritz 1994). 
ESU’s were first described by Ryder in 1986, however it was additionally defined in 1994 by 
Moritz after highlighting that the concept was conceptually and operationally poorly defined 
(Moritz 1994). An ESU is defined as a population that is isolated from other conspecific 
population units and it embodies an important component of the evolutionary legacy of the 
species (Moritz. 1994). Notably the adoption of ESU’s is to protect historically isolated, 
genetically distinct assemblages of biological species (Moritz 1994; Waples 1998). Moritz 
(1994) suggested that as a criterion for recognising an ESU - “ESU’s should be reciprocally 
monophyletic for mtDNA alleles and show significant divergence of frequencies at nuclear 
loci”. While this was highlighted this as being “overly restrictive in some cases” Moritz noted 
it was advantageous to avoid applying a value to how much divergence has occurred between 
taxa and instead consider the pattern of divergence (Moritz 1994).  As highlighted by 
Holyoake (2001) the pattern of genetic divergence between Leiopelma hamiltoni and 
Leiopelma pakeka, which is also supported by the results of this study, as well as their 
geographical isolation suggests that the two taxa meet the criterion for being distinct ESU’s 
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and for conservation management purposes, therefore, warrant conservation as independent 
units (Holyoake et al. 2001).  
4.13 Discussion of sequence anomalies between Leiopelma pakeka 
and Leiopelma archeyi    
The D-loop region of Leiopelma pakeka aligned manually and constructed using paired-end 
read mapping was compared to the Leiopelma archeyi D-loop region present on GenBank. 
When compared, the Leiopelma pakeka D-loop region constructed in this study was 
significantly larger containing approximately 822 bp, compared to the claimed Leiopelma 
archeyi D-loop region that contained 219 bp (Irisarri et al. 2010). The two regions also 
differed structurally between species. Irisarri and associates (2010) claimed that the D-loop 
region of Leiopelma archeyi to be comprised of “46 bp- long non-tandem repeats separated by 
27 nucleotides, 9 of which are also displayed by the two non-tandem repeats” (this is later 
disputed by this Thesis). Analysis of the D-loop region of Leiopelma pakeka carried out in 
this thesis found it to contain at least 5 repeats each of approximately 184 bp (there is some 
variation). The total repeat structure is therefore approximated at over 800 bp in length. 
Given that the repeats are almost identical it is difficult to determine the exact number of 
repeats there the repeats could be significantly more than 800 bp in length. It is important to 
resolve this question, and this should be resolved by the use of the most recent Illumina 
sequencing technology, which gives 400 bp read length.  
This thesis examined the non-coding (D-loop) region of the Leiopelma archeyi sequenced and 
described by Irisarri and associates (2010) (GenBank accession: NC_014691.1) and found 
significant discrepancies in their description of this region when compared with their 
published sequence present on GenBank. As previously mentioned, they described this region 
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as containing “two 46 bp- long non-tandem repeats separated by 27 nucleotides, 9 of which 
are also displayed by the two non-tandem repeats”, however we found this region to contain 
two 70 bp- long non-tandem repeats separated by 65 bases (Figure 4.5).  
 
4.14 Unique sequence arrangements in Leiopelma frogs  
Comparative analysis of the Leiopelma archeyi mitochondrial genome showed that the gene 
order departs from the consensus order of the vertebrate mitochondrial genome and is clearly 
derived (Irisarri et al 2010). Comparative analysis of the two mitochondrial sequences 
generated in this Thesis against the Leiopelma archeyi sequence (GenBank accession: 
NC_014691.1) showed this derived gene order is shared among other Leiopelmas. 
Comparison against the Ascaphus truei mitochondrial sequence (GenBank accession: 
AJ871087) showed that this is likely to be specific to the genus Leiopelma (Figure 4.6).  
Figure 4.5 Screen shot of the non-coding region of Leiopelma archeyi (Irisarri et al. 2010) 




 Figure 4.6 Mitochondrial gene order in representatives of the Leiopelma frog genus compared to  








The complete mitogenome of Leiopelma pakeka and the near complete mitogenome of 
Leiopelma hamiltoni have been produced. These are both representatives of the rare and 
unique frog genus Leiopelma endemic to New Zealand. This thesis successfully deduced the 
phylogenetic relationship between Leiopelma pakeka, Leiopelma hamiltoni and Leiopelma 
archeyi, using the two mitogenomes produced in this thesis and the Leiopelma archeyi 
genome present in GenBank (Irisarri et al. 2010). The results of our phylogenetic analysis 
using both maximum likelihood and neighbour-joining methods placed Leiopelma pakeka and 
Leiopelma hamiltoni as sister taxa to the exclusion of Leiopelma archeyi, this finding 
contradicted the findings of the pivotal study that altered the specific status of Leiopelma 
hamiltoni and Leiopelma pakeka (Bell et al. 1998). Comparative analysis of the mitogenomes 
of Leiopelma pakeka and Leiopelma hamiltoni found pairwise divergence of the mitogenomes 
between the two taxa to be 0.0121, translating to a genetic divergence of 1.121%. Upon 
comparison to other taxa, this thesis found the level of divergence to be less than the genetic 
divergence generally observed between separate species within a genus. Upon acknowledging 
discrepancies surrounding the definition of a species this thesis considered the molecular, 
morphological, geographical, and life history aspects of Leiopelma pakeka and Leiopelma 
hamiltoni when assessing their phylogenetic relationship. Subtle morphological divergence 
and their geographical isolation supported the molecular evidence, which suggest the taxa are 
two distinct populations. When compared to separate species of the genus Bombina our taxa 
show a very low level of genetic divergence suggesting the two have recently diverged. This 
is supported by similarities in their general biology and life history, as well as the geological 
history of their island habitats. The molecular evidence, when compared to studies of a similar 
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nature, suggests that the speciation that has occurred been the Maud Island and Stephens 
Island populations of Leiopelmatid frogs has reached a level that does not yet warrant species 
status. It is acknowledge, however, that the two populations show a degree of genetic and 
morphological divergence, and have possibly been geographically isolated for up to or longer 
than 14,000 years. The relationship between Leiopelma pakeka and Leiopelma hamiltoni is 
more comparable to a subspecies relationship or at the very least the two should be recognised 
as evolutionary significant units (ESU’s), in contrast to their current description as separate 
species.  It is important to defining this relationship, especially for the ongoing conservation 
management of the vulnerable Stephens Island frog population with only approximately 300 
individuals remaining.  
Importantly this thesis highlights the combination of next generation sequencing technologies 
and Sanger-based sequencing as valuable tools for use in conservation genetics. Additionally 
the use of the whole mitochondrial genome proves that it is still a valuable tool for 
phylogenetic analysis of non-model organisms, which may be limited in sample availability 
and condition, which was the case in this thesis.   
5.1 Future Work 
We acknowledge that throughout the course of this Thesis Illumina technologies have 
evolved, of particular importance to this work is the increase in Illumina read lengths from 
101 (in this thesis) to 300. Longer reads eliminates the effects of repetitious regions (like the 
D-loop) on sequencing, which in this Thesis affected the sequencing of the mitochondria. To 
utilize these advancements in technology we feel that it would be beneficial for the complete 
mitochondrial genomes of all species and subspecies of Leiopelmatid frogs to be generated 
using this advanced technology.  We feel generating the complete mitochondrial genomes 
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would be relatively inexpensive, and would provide an accurate and valuable tool for further 
understanding and conserving the Leiopelma frog genus.   
 
This thesis acknowledges the potential for further analysis to be carried out between the 
mitogenomes of Leiopelma hamiltoni and Leiopelma pakeka. The description of the patterns 
of nucleotide differences could provide a unique insight into the evolution of the 
mitochondrial genomes and selection pressures acting on these frogs. The use of these 
sequences to calculate divergence time estimates would provide a greater understanding of 
when these two populations separated and would also contribute to the knowledge on the 
geographical history of the Marlborough Sounds. There is also potential for the description of 
microsatellite markers, which would provide a valuable tool to study variation within 
populations and aid their on-going conservation management. The primers designed in this 
thesis may also be of use to deduce the whole mitochondrial genome for Leiopelma 
hochstetteri, which would provide a valuable for their conservation management and allow 
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Lpak_mt-1F 565                                            AGGGTACTACGAGCTACAGC
Lpak_mt-1rev 1,335                                         GGAGTAGCTAGCTCATCTAGTTTCG
Lpak_mt-2F 1,998                                         CCCAGTGACAATTGTTCAACG
Lpak_mt-2rev 2,018                                         AAACTGACCTGGATTGCTCCG
Lpak_mt-3F 7,245                                         GTATGAACAGTCATACCAGC
Lpak_mt-3rev 8,168                                         AGTGCCAGTGCCCATTTGTGC
Lpak_mt-4F 14,599                                       AGCCCAACCAATATTCTGGGC
Lpak_mt-4rev 15,157                                       GGTGGTTTCTCCAAACAATGC
Lpak_mt-5F 15,637                                       ACGAGAATAGCTCTACCTACG
Lpak_mt-5rev 23                                              CAGCATCTTCAGTGCTGTGC
Lpak_1104-1 14,176                                       GCCTTCCATTTCCTTCTGC
Lpak_1104-2 14,634                                       CTTAATCCTCACCTGAATTGGCG
Lpak_1104-3 15,187                                       GGAATTGTCGCATCATCTTCG
Lpak_1104-4r 15,187                                       CGAAGATGATGCGACAATTCC
Lpak_1104-5r 15,844                                       AGATGGGGTTTCTGGTGTTCG
Lpak_1104-6r 272                                            GTAGCTATAACTGAGTCGAGC
150514_R1 266                                            TAACTGAGTCGAGCTTTGCGC
150514_fwd1 16,125                                       AAGCAGCATAGTACGGAGACG
150514_R2 176                                            GGGTATGTGCCTGATACCAGC
150514_fwd2 15,843                                       CGAACACCAGAAACCCCATCTGC
1F_Reverse 565                                            GCTGTAGCTCGTAGTACCCT
5r_Forward 15,844                                       CGAACACCAGAAACCCCATCT
16R 16,104                                       TAGGTTTAGTTATTGCGGCCG
16_AR 16,252                                       TGTAGTTGAAATACAGCAGCG
120F 110                                            CTTACACATGCAAGTATCCGC
180F 168                                            ATTAAGGAGCTGGTATCAGGC
ARCH_F 16,409                                       TAACCCTTCTAGGGAGAATGC
ARCH_rv 16,498                                       GCGGTTATATAAGTGCAGTCG
PAK_rv 837                                            TGCTAAATCCACCTTCTGAGC
ARCH_Freverse 16,403                                       TCCCTAGAAGGGTTAAATGGC





FP1 2,519                                         ACGTGATCTGAGTTCAGACCG
RP1 3,704                                         AGGCCTGATATTGAGATTGGC
FP2 3,702                                         ACGCCAATCTCAATATCAGGC
RP2 4,895                                         TGGATTGTATTGTAGGGTGGC
FP3 4,783                                         CACAATAATCGCCCTCTCAGC
RP3 5,914                                         GTGATTAGGACAGACCACACG
FP4 new 5,917                                         GTGGTCTGTCCTAATCACTGC
RP4 7,166                                         GGCGCTGATTAGGAAAACTGC
FP5 7,074                                         ACTAGGTTTTCAAGACGCAGC
Lpak_mt-3rev 8,168                                         AGTGCCAGTGCCCATTTGTGC
FP6 8,099                                         AGCCACTATTCAATCATGGCG
RP6 9,232                                         GCTACGAAGAATGTTGAGCCG
FP7 9,232                                         CGGCTCAACATTCTTCGTAGC
RP7 10,329                                       TAGTATTAGGCTTGAGGTGGC
FP8 10,233                                       TCCCATCATTAATGCTCCTGC
RP8 11,462                                        ATATTGGGGAGTATGTCCTCG
FP9 11,405                                        GACTTGGCACCCTAATAACCG
RP9 12,474                                       AAATTGGGCGGATTTTCCTGC
FP10 12,272                                       AATTGGATGATGGCATGCCCG
RP10 13,443                                       TGTGGGTTGAGATGTTTTGGC
FP11 13,007                                       CCTCACTATAACCCTTCTCGC
RP11 14,176                                       TGGCAGAAGGAAATGGAAGGC
FP12 1,336                                         GAAACTAGATGAGCTACTCCG
RP12 2,538                                         AAACTGACCTGGATTGCTCCG
Lh2_FWD1 802                                            CTACCCTAGAACAAACGAACG













Lh2_FWD2 2,130                                         TTGATTTCCCAGTGCAGAAGC
Lh2_REV2 2,780                                         GTTAATAAGGTGGGTGAGGGC
Lh2_FWD3 3,482                                         TATGATAAACACCCTGTCCGC
Lh2_REV3 4,175                                         CACCTGTGAGTCAAGCATTGC
Lh2_FWD4 5,526                                         ACGTCATTGTAACTGCCCACG
Lh2_REV4 6,247                                         TACGGTAAATATGTGGTGGGC
Lh2_FWD5 8,136                                         CGCAATAACACTACCATGAGC
Lh2_REV5 9,391                                         TATAGGAAGAGTCACACGACG
Lh2_FWD6 10,233                                       TCCCATCATTAATGCTCCTGC
Lh2_REV6 10,926                                       ATAATTCCGTATCCTCCGAGC
Lh2_FWD7 14,008                                       ATAGCAACAGCCTTTGTAGGC
Lh2_REV7 15,277                                       CTTCATCATGGGTAAGATAGC
HAM6F (NEW) 7,904                                         ACCACAACGCCAATTAATGAGC
HAM6R (NEW) 9,362                                         GTGTCAATATCATGCTGCGGC
HAM6F (NEW) 7,904                                         ACCACAACGCCAATTAATGAGC
RP6 9,232                                         GCTACGAAGAATGTTGAGCCG
Lpak_mt-1F 565                                            AGGGTACTACGAGCTACAGC
Lpak_mt-1rev 1,335                                         GGAGTAGCTAGCTCATCTAGTTTCG
Lpak_mt-2F 1,998                                         CCCAGTGACAATTGTTCAACG
Lpak_mt-2rev 2,538                                         AAACTGACCTGGATTGCTCCG
Lpak_mt-3F 7,245                                         GTATGAACAGTCATACCAGC
Lpak_mt-3rev 8,168                                         AGTGCCAGTGCCCATTTGTGC
Lpak_1104-2 14,634                                       CTTAATCCTCACCTGAATTGGCG
Lpak_1104-4r 15,187                                       CGAAGATGATGCGACAATTCC
Lpak_1104-3 15,187                                       GGAATTGTCGCATCATCTTCG
Lpak_1104-5r 15,844                                       AGATGGGGTTTCTGGTGTTCG
Lpak_1104-1 14,176                                       GCCTTCCATTTCCTTCTGC
Lpak_1104-4r 15,187                                       CGAAGATGATGCGACAATTCC
180F 168                                            ATTAAGGAGCTGGTATCAGGC
Lpak_mt-1rev 1,335                                         GGAGTAGCTAGCTCATCTAGTTTCG
120F 110                                            CTTACACATGCAAGTATCCGC
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